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Abstract 

Alumina production by the Bayer process generates bauxite residue at a global rate of 

approximately 150 Mt per annum. An estimated 3 Bt has been produced worldwide to date, which 

is either landfilled or collected in land storage facilities. Depending on the refinery, bauxite 

residue may undergo a separation technique in which the coarse fraction is separated from the 

fine fraction (<100 µm). The coarse fraction is often used in the construction of roadways around 

the bauxite residue disposal area, in which the fine fraction is stored. European Union policy 

advocates the re-use of materials in order to establish a more ‘circular economy’ and concurrent 

to this, there is emphasis on Europe maintaining a steady supply of critical raw materials (CRMs) 

such as gallium, phosphate rock and phosphorus, which are of high economic value due to their 

supply risk. Consequently, there is a focus on finding suitable secondary sources of CRMs. 

Bauxite residue has been identified as one possible source. In addition, due to its high abundance 

of iron and aluminium oxides, which are desirable for phosphorus (P) retention, it may be re-used 

as a low-cost adsorbent of P in the treatment of forest run-off and agricultural wastewater, which 

are two key attributors to poor water quality in Ireland.  Therefore, the aim of this study was to 

investigate, for the first time, fine fraction (<100 µm) bauxite residue as a low-cost adsorbent in 

the removal and re-use of P from wastewater.  

 

Bauxite residue samples representing twelve years of disposal were characterised for their 

mineralogical, elemental and physico-chemical properties. Changes in these properties may affect 

the potential for the re-use of bauxite, but no study has examined this to date. The general 

composition did not vary greatly, with the exception of pH and electrical conductivity, which 

ranged from 10±0.1 to 12.0±0.02 and from 0.4±0.01 to 3.3±0.2 mS cm-1, respectively.  The main 

mineralogical composition comprised iron and aluminium oxides, which were estimated to range 

from 40.1±1.4 to 47.5±2% and from 14.8±1.5 to 17.8±0.73%, respectively.  One notable high 

value CRM found in the bauxite residue was gallium (107±7.3 mg kg-1).   

 

To determine the P adsorbent potential of bauxite residue, batch studies were performed using 

synthetic P water.  Fresh samples of bauxite residue were obtained from two European alumina 

refineries and then treated with either gypsum or seawater, to determine if the treatments enhance 

its P adsorption capacity. Untreated and treated samples were placed in 50 mL capacity containers 

and overlain with water made up to concentrations ranging from 0 to 150 mg P L-1. They were 

then placed on a reciprocating shaker for 24 hr, before being allowed to settle and the supernatant 

water tested for its P concentration. Langmuir adsorption isotherms were then used to model the 

data.  The study found that bauxite residue has an adsorption capacity varying between 0.345 to 

2.73 mg P g-1, and that seawater and gypsum enhances the P adsorption capacity.  Following the 

batch studies, a column study was used in order to assess the true P adsorbent capacity of the 

bauxite residue using real wastewater.  Fine fraction bauxite residue was placed in small-scale 

columns and loaded with forest run-off and dairy soiled water (DSW) over a period of 24 to 36 

hr.  Data obtained were modelled to predict breakthrough curves and longevity of the bauxite. 

The longevity of the bauxite residue was estimated to be 1.08 min g-1 for the forest run-off and 

0.28 min g-1 for DSW.   

 

The efficacy of P-saturated bauxite residue from the column study as a fertiliser replacement was 

compared to a conventional superphosphate fertiliser in the growth of Lolium perenne L. in a P-

deficient soil. The bauxite residue was comparable to the superphosphate fertiliser in terms of the 

biomass yield and there was no evidence to suggest phytotoxic effects on the growth of ryegrass, 

nor any effects on the E. fetida L. present in the soil.   

 

The findings of this study highlight the potential re-use of bauxite residue as both a low-cost 

adsorbent and also as a potential resource/nutrient source for P supply.   
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Chapter 1  

 

 

Introduction 

 

Overview of Project 

This PhD study was part of an EPA Funded Research Project, “Alsource” (2014-RE-

MS-1) at the University of Limerick, coordinated by principal investigators Dr. Ronan 

Courtney and Dr. Lisa M. T. O’ Donoghue.  Alsource which was composed of two PhD 

studies, aimed to illustrate the value content in Irish Bauxite Residue via both re-use and 

recovery techniques, therefore turning bauxite residue into a resource for phosphorus 

and rare earth metals.  The first PhD study, supervised by Dr. Ronan Courtney and Dr. 

Mark G. Healy (NUIG) which investigated the use of bauxite residue in the recovery 

and re-use of phosphorus from wastewater was undertaken by Patricia B. Cusack, whilst 

the second study, which investigated the potential recovery of rare earth metals from 

bauxite residue was carried out by Dr. Éva Ujaczki under the supervision of Dr. Lisa M. 

O’ Donoghue and Dr. Ronan Courtney.       

 

1.1 Background to Study 

Alumina production by the Bayer Process generates bauxite residue (red mud) at a global 

rate of approximately 150 Mt per annum (Evans 2016). An estimated 3 Bt has been 

produced world-wide to date (Evans 2016), and despite multiple attempts to utilize 

bauxite residues in the construction, environmental, mining and agronomic industries, 

only 2 to 3% of this material is currently re-used or further processed (Evans 2016; 

Klauber et al., 2011; Ujaczki et al., 2018), with ~ 98 % of the bauxite residue (<100 µm) 

being either landfilled or collected in land storage facilities (Kong et al., 2017). This 

highlights a major storage issue for refineries, as well as the associated expense in the 

management required to maintain residue storage areas (Tsakiridis et al., 2004). In 

addition, there are potential environmental risks associated with bauxite residue if 

incorrectly managed (Higgins et al., 2017). 
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As a result of the Bayer Process, bauxite residue is highly alkaline in nature (which can 

be reduced through the use of treatments such as seawater or gypsum), composed of very 

fine particles, and can comprise various trace metals (Wang et al., 2015).  However, 

bauxite residue has many desirable properties, such as a high specific surface area (SSA) 

and iron and aluminium oxide content, which results in it having a high phosphorus (P) 

adsorption capacity (Grace et al., 2015). Recently focus has been placed on the utilisation 

of using by-products such as bauxite residue, steel slag and fly ash particularly as low-

cost P adsorbents for water treatment, promoting a more “circular economy” (Grace et 

al., 2016) and also in the recycling of P from wastewaters as it is one of the key nutrients 

causing the eutrophication of water bodies (Kok et al., 2018; Nättorp et al., 2017).  

Ironically, both phosphorus and phosphate rock (the main source of phosphorus for 

fertilisers) are non-renewable resources (Achat et al., 2014) and with an increasing 

population, further demand is being placed on these resources in order to maintain food 

supply (Achat et al., 2014).  Both of these issues have been referred to as the P paradox 

(Baker et al., 2015; Sharpley 2015).  In addition to its P adsorption capacity, bauxite 

residue may also contain critical raw materials (CRMs) such as the rare earth elements 

(REEs), which suggests that it may serve as a potential secondary source for these 

materials (Liu and Naidu 2014). 

 

The overall aim of this study was to examine both treated and untreated fine fraction 

bauxite residue  as a low-cost adsorbent for the removal of P and also as a potential 

source/nutrient source of P.  This study examined the efficacy of alternative, 

environmentally friendly treatments (gypsum and seawater) as opposed to the more 

commonly used treatments involving heat and acids (Liu et al., 2007; Xue et al., 2016), 

which require large capital inputs and operational costs for the alumina industry.  By 

using treatments such as seawater and gypsum, improvement of the physico-chemcial, 

mineralogical and elemental composition of bauxite residue also allowed the possibility 

to consider using the bauxite residue adsorbent media as a potential growth 

media/fertiliser, once fully saturated with P. This may promote the potential re-use of 

bauxite residue as both a medium for P removal and also as a source of P.       

 

1.2 Knowledge Gaps Identified and Targeted  

The following research gaps have been identified from the literature and will be addressed 

in this study: 
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1. Approximately 98% of the bauxite residue generated in the alumina industry is 

placed in specially built impoundments, bauxite residue disposal areas (BRDAs), 

constructed in close proximity to the alumina refineries (Burke et al., 2013).  

Previous studies have highlighted the potential of bauxite residue as a secondary 

source for CRMs and have noted their variation due to factors such as the type of 

bauxite ore used.  However, no study has examined the potential variation in 

composition or CRM content of bauxite residue in a BRDA over time, which 

could affect its potential for re-use.   

2. Several studies have investigated the use of bauxite residue as an adsorbent for P, 

using high cost and energy intensive treatments such as heat or acid to enhance 

the adsorption capacity of the bauxite residue (Liu et al., 2007; Xue et al., 2016).  

Depending on the refinery, bauxite residue may undergo a separation process in 

which the coarse and fine fractions are separated (Evans 2016; IAI 2015). The 

coarse fraction is predominantly used in the roadways to the BRDAs within close 

proximity to the refinery; however, the fine fraction is underused and commonly 

placed in the BRDA. No study has investigated the separate P adsorption capacity 

of both the coarse and fine fractions of bauxite residue, nor conducted a detailed 

characterisation of the coarse and fine fractions of bauxite residue in terms of its 

mineralogical, elemental and physico-chemical composition following treatment 

with gypsum or seawater.   

3. The majority of P adsorption studies with bauxite residue focus on using batch 

studies with synthetic P aqueous solutions.  No study has investigated the P 

adsorption capacity of the fine fraction bauxite residue as a sorbing material in the 

active treatment of actual agricultural wastewaters or forest run-off, which would 

contain other contaminants in addition to P.   

4. The final gap that was identified was the potential recycling of P from P-saturated 

fine fraction bauxite residue following treatment of wastewater and its potential 

as a nutrient source/fertiliser to plants.   

 

1.3 Research Aim and Objectives 

The aim of this study was to investigate the potential for bauxite residue as a adsorbent 

for P from contaminated water, as well as studying the variation of CRM content while 
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stored in BRDAs, which may affect its use as a potential secondary source of CRM. To 

meet this aim, the objectives of this study were: 

 

 

1. evaluate the general composition and critical raw material content of the dominant 

fraction (fine fraction) bauxite residue in storage over a twelve-year period, and 

to determine if there is any variation while in storage, which could affect options 

for its possible re-use. 

2. quantify the impact of amendments with seawater or gypsum on the P adsorbent 

capacity of coarse and fine fractions of bauxite residue using synthetic P solutions.  

3. determine the efficiency of bauxite residue as a low-cost adsorbent in the removal 

of P from agricultural water and forest run-off, as well as characterising changes 

in its mineralogical and physico-chemical content before and after use as an 

adsorbent. 

4. investigate the effects of P-saturated bauxite residue compared to conventional P 

fertiliser on plant growth and P uptake in Lolium perenne L. (perennial ryegrass), 

and on soil physico-chemical properties. 

 

1.4 Experimental Design and Procedures 

A literature review was conducted which examined the generation of bauxite residue, its 

general composition, and potential re-use options, particularly as a potential secondary 

source of CRMs, and as a potential adsorbent for the removal of P from aqueous solutions 

and wastewaters.   

 

Bauxite residue, which is commonly located in close proximity to the refinery in which 

it is produced, is generally similar in composition; however, some properties may vary 

between refineries because of the type of bauxite ore used and the parameters used within 

the Bayer Process.  Therefore, in order to identify any potential variation in bauxite 

residue because of its time in storage, which may hinder potential re-use, bauxite residue 

in storage over a twelve-year period was characterised in terms of its mineralogical, 

elemental and physico-chemical properties (Objective 1).   

 

Batch studies using synthetic P solutions were carried out on the main size fractions of 

bauxite residue, in its raw state and amended with gypsum and seawater, to identify which 
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size fraction had the greatest P adsorption capacity (Objective 2) before carrying out an 

adsorption study using two types of wastewater – forest runoff and dairy soiled water 

(DSW) (Objective 3). Forest run-off was used as a low P concentration wastewater, while 

DSW was chosen as a high P concentration wastewater. The bauxite residue was then 

packed into small-scale columns and a P adsorption study was carried out using forest 

run-off and an agricultural wastewater, highlighting the potential use of bauxite residue 

in a permeable reactive barrier if were to be upscaled in future research. 

 

Following the rapid small-scale column tests (RSSCTs), the final part of the laboratory 

study examined  the potential of P recycling from the P saturated bauxite residue column 

media as a potential nutrient source/fertiliser for Lolium perenne L. (perennial ryegrass) 

(Objective 4). This was carried using the RHIZOtest™ procedure (ISO 16198), which 

also allowed for the monitoring of any potential trace metal uptake within the plant 

biomass. 

 

1.5 Structure of Thesis 

A flowchart of the thesis is presented in Figure 1.1.  Chapter 2, the literature review, 

reviews the process of bauxite residue generation, along with the main mineralogical, 

elemental and physico-chemical properties of the bauxite residue.  Important 

considerations and implications that arise for both the management and potential re-use 

of bauxite residue as a result of its general composition are also discussed, as well as 

techniques and storage methods that mitigate any potential adverse effects associated with 

its re-use.     

 

Chapter 3 evaluates the general composition and CRM content of bauxite residue in a 

storage area over a twelve-year period (Objective 1).  Bauxite residue samples were 

examined from one specific storage area in order to identify any potential variation in 

mineralogical, elemental or physico-chemical composition over time, in addition to any 

variation in CRM content, which may affect its re-use potential. 

 

Chapter 4 investigates the enhancement of separate fractions and sources of bauxite 

residue as a low-cost adsorbent for P in synthetic solutions, using seawater and gypsum 

treatments (Objective 2).  This chapter also identifies which of the treatments enhances 

the P adsorption capacity of the bauxite residue.   
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Chapter 5 uses RSSCTs to determine the efficiency of bauxite residue as a low-cost 

adsorbent in the removal of dissolved reactive phosphorus (DRP) from an agricultural 

wastewater and forest run-off (Objective 3).  This chapter also uses the performance data 

from the RSSCTs to predict the longevity of the bauxite residue.  

 

Chapter 6 investigates plant P uptake in Lolium perenne L. (perennial ryegrass) using 

recycled P from spent bauxite residue column media (Objective 4).  This chapter 

examines the potential application of the bauxite residue as both an adsorbent for P, as 

well as establishing a further re-use for the spent adsorbent by using it as a potential 

fertiliser for Lolium perenne L. (perennial ryegrass) by comparing it to a conventional 

superphosphate fertiliser in terms of biomass yield, and effects on main soil properties 

and potential toxicological effects on fauna and establishment of vegetation.  

 

Chapter 7 summarises the main conclusions from this study, along with recommendations 

for future research.  

 

 

 

Figure 1.1 Flow chart of the thesis. 
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1.6 Contribution to Existing Knowledge and Research Outputs 

1.6.1 Journal Papers (Published)  

Cusack, P.B., Healy, M.G., Ryan, P.C., Burke, I.T., O'Donoghue, L.M., Ujaczki, É. and 

Courtney, R. (2018).  Enhancement of bauxite residue as a low-cost adsorbent for 

phosphorus in aqueous solution, using seawater and gypsum treatments. Journal of 

Cleaner Production, 179, pp.217-224. 

 

Cusack, P.B., Courtney, R., Healy, M.G., O’Donoghue, L.M. and Ujaczki, É. (2019). An 

evaluation of the general composition and critical raw material content of bauxite residue 

in a storage area over a twelve-year period. Journal of Cleaner Production, 208, pp. 393-

401. 

 

Cusack, P.B., Callery, O., Courtney, R., Ujaczki, É., O’Donoghue, L.M. and Healy, M.G. 

(2019). The use of rapid, small-scale column tests to determine the efficiency of bauxite 

residue as a low-cost adsorbent in the removal of dissolved reactive phosphorus from 

agricultural waters. Journal of Environmental Management, 241, pp.273-283. 

 

Ujaczki, É., Feigl, V., Molnár, M., Cusack, P., Curtin, T., Courtney, R., O'Donoghue, L., 

Davris, P., Hugi, C., Evangelou, M.W. and Balomenos, E. (2018). Re‐using bauxite 

residues: benefits beyond (critical raw) material recovery. Journal of Chemical 

Technology & Biotechnology, 93(9), pp.2498-2510. 

 

1.6.2 Journal Paper (In Preparation) 

Cusack, P. B., Healy, M. G., Ujaczki, É., O’ Donoghue, L. M. T. and Courtney, R. (2019).  

An investigation into the Growth of Lolium perenne L. and Soil Properties such as 

Phosphorus Availability, pH and Electrical Conductivity following the use of Spent 

Bauxite Residue Column Media as a Nutrient Source.  

 

1.6.3 Conference Presentations  

Cusack, P., Healy, M.G., Ujaczki, É., O’ Donoghue, L., Courtney, R. (2017) The use of 

Bauxite Residue for Phosphorus recovery in wastewater.  Department of Biological 

Sciences Post Graduate Research Day, December 13th, 2017, Radisson Blu Hotel & Spa, 
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Limerick, Ireland.  (Oral Presentation) 

 

Cusack, P., Healy, M. G., Ujaczki, É., O’ Donoghue, L., Curtin, T., Courtney, R. (2017) 

The use of Bauxite Residue for Phosphorus (P) recovery in wastewater. 27th Irish 

Environmental Researchers Colloquium, April 10–12, 2017, Athlone, Ireland.  (Oral 

Presentation) 

 

Cusack, P., Healy, M.G., Callery, O., Ujaczki, É., O’ Donoghue, L., Courtney, R. (2016) 

Phosphorus removal, recovery and re-use in wastewater using Bauxite Residue.  Ryan 

Institute Annual Research Day 2016, December 9th, 2016, National University of Ireland, 

Galway, Ireland.  (Poster Presentation) 

 

Cusack, P., Healy, M.G., Callery, O., Ujaczki, É., O’ Donoghue, L., Courtney, R. (2016) 

Phosphorus removal, recovery and re-use in wastewater using Bauxite Residue.  Poster 

Presentation, Red Mud Summer School “From Bauxite to Aluminium” 2016 Katholieke 

Universiteit, Leuven, August 29th–31st, 2016, Leuven, Belgium.  (Poster Presentation) 

 

Cusack, P., Ujaczki, É., O’ Donoghue, L., Courtney, R. (2016) The use of Bauxite 

Residue for Phosphorus recovery in wastewater.  Oral Presentation, Department of Life 

Sciences Post Graduate Research Day, May 3, 2016, Radisson Blu Hotel & Spa, 

Limerick, Ireland.  (Oral Presentation) 

 

Cusack, P., Ujaczki, É., O’ Donoghue, L., Courtney, R. (2016) The use of Bauxite 

Residue for Phosphorus recovery in wastewater.  Oral Presentation, 26th Irish 

Environmental Researchers Colloquium, March 22–24, 2016, Limerick, Ireland.  (Oral 

Presentation) 

 

The published journal papers may be found in Appendix A. 
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Chapter 2  

 

 

Literature Review  

 

Overview 

With the European Commission (EC) advocating for the creation of a more ‘circular 

economy’ in order to establish a ‘zero waste’ society (European Commission 2015), 

emphasis is being placed on the utilisation of waste and/or by-products produced within 

industry and their potential re-use as low-cost adsorbents for the treatment of wastewater 

(Grace et al., 2016).  One such by-product that has been examined for its adsorbent 

potential, particularly in the removal of  phosphorus (P), is bauxite residue (Zhou and 

Haynes 2010; Liu et al., 2011).     

 

Bauxite residue is the by-product generated in the extraction of alumina (Manfroi et al., 

2014) and is being produced globally at an annual rate of approximately 150 Mt, adding 

to the already 3 Bt in storage worldwide (Evans 2016).  Over the past number of decades, 

emphasis has been placed on finding suitable re-use for bauxite residue. However, 

numerous limitations and barriers, such has high alkalinity, potential leaching of trace 

metals, and low solid content have prevented this (Klauber et al., 2011; Evans 2016).  

This chapter discusses the generation of bauxite residue and its mineralogical, elemental 

and physico-chemical properties, with a focus on its potential for re-use as a low-cost 

adsorbent in the removal of P from aqueous solutions. 

 

2.1 Bauxite Ore and Generation of Bauxite Residue 

2.1.1 Bauxite Ore 

The production of aluminium metal involves three stages: (1) the mining of bauxite ore 

(2) extraction of alumina from bauxite ore, and (3) the transformation of alumina to 

aluminium (Rai et al., 2012).  On average, four tonnes of bauxite ore is required in order 

to produce two tonnes of alumina (Lumley 2010).    
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Bauxite ore, which is generally enriched in aluminium (Al) and titanium (Ti) but low in 

soluble elements such as potassium (K), calcium (Ca), sodium (Na) and magnesium (Mg) 

(Maynard 2012), is formed in deposits in tropical or sub-tropical regions, with up to 80% 

found in shallow open pit mines (Gow and Lozej 1993).  Factors affecting the formation 

of bauxite ore include climate, parent rock and topography (Wang et al., 2011), and 

depending on the type of bedrock on which the bauxite ore is deposited, is classified as 

one of three types: karstic (found on limestone and dolomite, and composed of 

aluminosilicate residues), lateritic (lying on alumosilicate rocks) or Tikhvin-type, which 

is layered on aluminosilicate rock but has no derivation from them (Bárdossy, 1982).   

 

Of the three main types (lateritic, karstic and Tikhvin), particular interest is placed on the 

karstic type as they are known to contain high levels of rare earth elements (REEs) (Deady 

et al., 2016; Mordberg 1993). The main regions in which karstic bauxite ore is located are 

Austria, Bulgaria, France, Greece, Iran, Italy, Jamaica, Romania, Spain, USA, USSR, the 

Socialist Republic of Vietnam and Yugoslavia, while lateritic bauxite ore is found in 

regions in Brazil, Guinean Republic and India (Bárdossy 2013).   

 

The presence of aluminium-hydroxide minerals such as gibbsite (which is dominant in 

lateritic bauxite ore) (Rai et al., 2012), boehmite and/or diaspore  (also dominant in karstic 

bauxite ore) (Rai et al., 2012) means that alumina may be extracted from bauxite ore 

under alkaline conditions using lime (Lime Sinter Process) (Goldberg et al., 1970), 

sodium carbonate (Deville Pechiney Process), high temperatures in a reducing 

environment in the presence of coke and nitrogen (N) (Serpeck Process) (Reddy 2001), 

or through alkalinisation by the use of sodium hydroxide (NaOH) (Bayer Process) (Rai 

et al., 2012).  The Bayer Process is the most widely used, with up to 85 % the alumina 

produced via the Bayer Process (Xue et al., 2016).   

 

2.1.2 Generation of Bauxite Residue  

Bauxite residue (commonly referred to as red mud), Bayer process tailings, or bauxite 

process tailings (Gräfe et al., 2011; Kirwan et al., 2013; Liu et al., 2014; Manfroi et al., 

2014) is the slurry by-product generated from the Bayer Process (Gräfe et al., 2011).  

Bauxite residue typically has a distinctive red colour due to an abundance of iron oxide 

in its composition (Rai et al., 2012).  For every 1 tonne of alumina formed through the 

Bayer Process, between 1 and 1.5 tonnes of bauxite residue is generated (Evans, 2016).  
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However, this may be lower depending on the alumina refinery and the type of ore used, 

with values reported to be as low as 0.3 tonnes of bauxite residue produced per tonne of 

alumina (IAI 2015). Currently, the global inventory for bauxite residue is approximately 

3 billion tonnes, with an estimated annual production rate of 150 million tonnes (Evans, 

2016; Mayes et al., 2016).   

 

The Bayer Process may be broken up into five different stages as seen in Figure 2.1, 

which include (1) the grinding of bauxite ore (2) digestion of the bauxite ore (3) liquor 

clarification (4) precipitation of alumina hydrate, and (5) calcination to alumina (Jones 

and Haynes 2011).  The overall extraction of alumina from the bauxite ore is generated 

from the precipitation of gibbsite in its crystalline form from alkaline solutions containing 

aluminates (Hind et al., 1999).  

 

Figure 2.1 Diagrammatical representation of the main steps in the Bayer Process. 

 

2.1.2.1 Grinding of the Bauxite Ore 

Once mined, Bauxite ore is washed and then crushed, resulting in an increase in the 

surface area of the materials (Power et al., 2011).  The bauxite ore is then mixed with a 

high temperature caustic liquor forming a slurry mixture (Gräfe et al., 2011).   Under the 

action of a pump mechanism, the slurry is transported to holding tanks before moving 

onto the digestion units where the mixture undergoes a predesilication phase, which 

involves the removal of silica (Jones and Haynes 2011).   

 

https://www.sciencedirect.com/science/article/pii/S0959652618301070#bib20
https://www.sciencedirect.com/science/article/pii/S0959652618301070#bib20
https://www.sciencedirect.com/science/article/pii/S0959652618301070#bib42
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2.1.2.2 Digestion 

The digestion step in the Bayer Process involves the bauxite ore being digested in a 

concentrated caustic solution, NaOH, under high temperature and pressure (Bray et al., 

2017).  The temperature used will vary due to the composition of the bauxite ore; 

approximately 150°C for the gibbsite bauxites and 250°C for boehmite and diaspore 

bauxite ores (Whittington 1996). The high temperature and pressure environment results 

in the removal of hydrate alumina from insoluble oxides due to a reaction with the NaOH 

present in the caustic mixture (Jones and Haynes 2011) as shown in Eqn. 1 (Hind et al., 

1999). 

 

Extraction: 

 

𝐴𝑙(𝑂𝐻)3(𝑠) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎+ 𝐴𝑙(𝑂𝐻)−  4(𝑎𝑞)                                                                    

and, 

𝐴𝑙𝑂(𝑂𝐻)(𝑠) + 𝑁𝑎𝑂𝐻(𝑎𝑞) + 𝐻2O → 𝑁𝑎+𝐴𝑙(𝑂𝐻)− 4(𝑎𝑞)                                        Eqn.  1 

            

2.1.2.3 Liquor Clarification 

In this stage, the bauxite residue solids are removed from the green liquor formed, which 

is mainly composed of sodium aluminate dissolved in the caustic mixture (Power et al., 

2011).  In the first part of this separation process, the coarse fraction (>100µm, known as 

bauxite process sand) is separated under the influence of gravity, which is then repeatedly 

washed in order to recover NaOH before the bauxite process sand is then transported to 

the residue disposal area (RDA) (Jones and Haynes 2011).  However, this process is not 

carried out in every alumina refinery (Evans 2016).  Following the removal of the coarse 

fraction, the finer fraction of bauxite residue left behind in the green liquor is removed 

using thickener vessels, which involves the use of flocculants, and once separated the 

finer fraction (<150µm) of bauxite residue undergoes repeated washing in what is known 

as a Countercurrent Washing Train, which allows in the recovery of NaOH and which 

may be re-used in the Bayer Process once more (Gräfe et al., 2011).  At the half-way stage 

of the washing process, the overflow stream is heated and mixed with lime slurry, a 

process known as Causticisation. This allows the hydrated lime to react with the sodium 

carbonate, which causes the regeneration of NaOH and the precipitation of calcium 

carbonate (CaCO3) (Jones and Haynes 2011) as noted in Eqn. 2 (Hind et al., 1999):   
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Precipitation: 

 

Na+ 𝐴𝑙(𝑂𝐻)− 4(𝑎𝑞) → 𝐴𝑙(𝑂𝐻)𝟑(𝒔) + 𝑁𝑎𝑂𝐻(𝑎𝑞)                                                    Eqn. 2 

           

Once the clarification stage is complete, the purified liquor is allowed to cool to a 

temperature of 50-75 oC and then pumped on to allow for the fourth stage to begin - 

precipitation (Jones and Haynes 2011).          

 

2.1.2.4 Precipitation of Alumina Hydrate 

In this step, the cooled green liquor is seeded with aluminium trihydrate crystals, which 

enhance the precipitation process (Xue et al., 2016).  Once again there is a separation 

process within this stage, which separates the slurry into coarse and fine fractions. The 

coarse fraction is then sent onto the final stage, the calcination stage, while the fine 

fraction is returned for re-use in the seeding process (Jones and Haynes 2011).  The 

caustic solution is re-concentrated, heated and recycled back to the digesters (Gräfe et al., 

2011).    

 

2.1.2.5 Calcination to Alumina 

The calcination step involves the alumina hydrate being washed and dried using 

temperatures up to 1200 °C in order to fully maximise the removal of any water 

molecules, leaving behind a dry white powder, alumina (Al2O3), which is then transferred 

from the alumina refinery to an aluminium smelter (Jones and Haynes 2011), as seen in 

Eqn. 3 (Hind et al., 1999). 

 

2𝐴𝑙(𝑂𝐻)3(𝑠) → 𝐴𝑙2𝑂3(𝑠) + 3𝐻2O                                                                            Eqn. 3 

                           

2.2 Mineralogical, Elemental and Physico-chemical Composition of Bauxite Residue 

The use of bauxite ores from various locations around the world, as well as refineries 

using different parameters within the Bayer Process, results in a variation of physical, 

mineralogical and chemical properties (Liu et al., 2007; Menzies et al., 2004).   
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The relative amounts of the main elements found in bauxite residue are iron (Fe) > Al > 

silicon (Si) ~ Ti > Ca > Na (Wang et al., 2008). This is reflected in the mineralogical 

composition of bauxite residue which mainly comprises iron oxides such as hematite 

(Fe2O3), goethite (FeO(OH)) and boehmite (γ-AlO(OH)) (Hanahan et al., 2004), in 

addition to aluminium hydroxides and calcium and titanium oxides (Binnemans et al., 

2015).  The vast abundance of oxides results in bauxite residue having many hydroxyl 

groups on its surface (Zhang et al., 2008).  The percentage range of the chemical 

composition of bauxite residue is shown in Table 2.1 (Evans 2016).  Bauxite residue is 

typically low in elements such as N, P, K, Ca, manganese (Mn), copper (Cu) and zinc 

(Zn) (Xue et al., 2016).  Depending on the type of bauxite ore used the critical raw 

material (CRM) content may vary within the bauxite residue (Ujaczki et al., 2018).  

Bauxite residue generated from the karstic type bauxite ore are recognised for their higher 

concentration of CRMs, particularly the REEs (Binnemans et al., 2015).       

 

Table 2.1 The main chemical composition of bauxite residue*, expressed as oxides 

(Evans 2016). 

Component Typical range (weight %)* 

Fe2O3  5–60 

Al2O3 5–30 

TiO2 0.3–15 

CaO 2–14 

SiO2 3–50 

Na2O 1–10 

*The typical range (weight %) is the average chemical composition range as determined for all bauxite 

residue generated from the three main bauxite ore types.  Therefore, the wide variation in composition is a 

reflection of the main composition of the type of bauxite ore used. 
 

The physico-chemical properties (Table 2.2) of bauxite residue have an average particle 

size  ranging from 2 to 2000µm, and as a result may be described as being “silt to fine 

sand” (Gee et al., 1986).  As a result of the fine particle size, the specific surface area 

(SSA) of bauxite residue is on average 32.7 ± 12.2m2 g-1, whilst the bulk density has been 

reported to be on average 2.5 g cm3. 

 

Following the Bayer Process and depending on the method of disposal, the solid content 

of bauxite residue is relatively low at ~ 20%, but can be increased to ~ 80%, depending 
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on the method of disposal used.  Alkalinity is high due to residual sodium (Na), normally 

a mixture of sodium aluminate and sodium carbonate (Evans 2016), resulting in an 

average pH value of 11.3 (Table 2.2). In addition to high alkalinity, bauxite residue is also 

highly sodic (exchangeable sodium percentage (ESP) of 50–90%; Jones and Haynes 

2011), which is linked with poor ability to form an aggregate structure. The elevated 

concentration of Na ions also affects the EC, which is on average 7.4 mS cm-1 (Gräfe et 

al., 2011).    

 

Table 2.2 Selection of chemical and physical characteristics of bauxite residue (Gräfe et 

al., 2011). 

Parameter Average Std. Dev. Max Min n 

pH 11.3 1.0 12.8 9.7 44 

EC (mS)a 7.4 6.0 28.4 1.4 46 

[Na+]b 

(mmol+ L-1) 

101.4 81.6 225.8 8.9 9 

SARc 307.2 233.1 673 31.5 10 

ESPd 68.9 19.6 91 32.1 10 

ANC, 7.0e 0.94 0.3 1.64 0.68 13 

ANC, 5.5f 4.56 - - - 1 

PZC (pH)g 6.9 1.0 8.25 5.1 11 

BD (g cm-3)h 2.5 0.7 3.5 1.6 13 

SSA (m2 g-

1)i 

32.7 12.2 58.0 15.0 30 

aEC (mS) = electrical conductivity, expressed in mS. 

b[Na+] = sodium concentration, expressed in mmol+ L-1. 

cSAR = sodium adsorption ratio, expressed in mEq L-1. 

dESP = exchangeable sodium percentage, expressed as a percentage. 

eANC, 7.0 = acid neutralization capacity normalized to the weight of the residue to a given pH endpoint of 

pH 7, expressed as mol H+ kg-1. 

fANC, 5.5 = acid neutralization capacity normalized to the weight of the residue to a given pH endpoint of 

pH 5.5, expressed as mol H+ kg-1. 

gPZCpH = the pH at which the point of zero charge is occurring. 

hBD = bulk density, expressed as g cm-3. 

iSSA = specific surface area, expressed in m2 g-1. 
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The point of zero charge (PZC) is an important property, as it is related to the phenomenon 

of adsorption (Lyklema 1984) and relates to the stage when the surface charges on the 

surface are zero.  The average pH at which PZC occurs in bauxite residue is pH 6.9 (Table 

2.2) (Gräfe et al., 2011).   

 

2.3 Current Disposal and Re-use Pathways of Bauxite Residue  

2.3.1 Disposal Pathways  

Approximately 2 % of the bauxite residue generated is currently reutilised (Ujaczki et al., 

2018), with the remaining ~ 98 % adding to the already to 3 Bt in storage worldwide, the 

majority of which are in containments referred to as RDAs or bauxite residue disposal 

areas (BRDAs) (Burke et al., 2013).  The cost of managing such storage areas has been 

estimated to be 5 % of the overall production cost of alumina (Kumar et al., 2006).  

Nguyen and Boger (1998) calculated that the treatment (practiced by some alumina 

refineries prior to disposal) and disposal of the bauxite residue may be as high as 30 to 50 

% of the total expenditure for the alumina refinery.  The choice of disposal methods used 

by the alumina refinery will vary and is based on several factors such as storage space 

availability, climate, and governmental and environmental regulations (Jones and Haynes 

2011).   

 

Up until the 1970s, the main method of disposing of bauxite residue was through wet 

disposal directly to sea and storage in lagoons (Power et al., 2011).  However, current 

best practice management advocates the use of techniques that increase the solids content 

such as dry stacking (Evans 2016) and dry cake disposal (IAI 2015) to protect the 

surrounding environment from risks (Higgins et al., 2017; Kong et al., 2017) such as dust 

pollution, run-off of alkaline leachate and potential leaching of trace elements (Kong et 

al., 2017; Wang et al., 2015). 

 

The dry stacking or thickened tailings disposal (TTD) technique involves the thickening 

of the bauxite residue slurry from the washing stage to a paste by using vacuum 

filtration or a filter press to achieve a solid concentration of ~ 58%, before being diluted 

and piped to the BRDA (Figure 2.2 (a)) in 400 mm deep layers (300 mm following mud 

farming) (Clohessy 2015; McMahon 2017).  Due to the solid content of the residue 

layers, conventional farm machinery cannot travel on the residue and therefore further 

dewatering and compaction is necessary.  This is carried out by Amphirolls, amphibious 
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vehicles which travel using scrolls over the residue, creating furrows, allowing water to 

be “squeezed” and drained from the residue (Evans 2016) along the sloping stack to the 

cell perimeter wall and into the perimeter channel (Figure 2.2 (b)).  Once the residue is 

compacted to > 70 % solids (Power et al., 2011) by multiple passes of the Amphiroll, 

the surface is then graded by a bulldozer to level the surface and generate a constant 

gradient from the discharge (high point) to the perimeter wall (low point). This then 

makes the residue suitable for conventional agricultural machinery to travel and operate 

on its surface.  

 

Atmospheric carbonation of the residue by the Amphiroll and agricultural machinery 

allows for exposure of the residue to carbon dioxide (CO2) in the air, a technique known 

as mud farming. Sufficient exposure and carbonation reduces the causticity below 30 % 

and reduces the residue pH to below 11.5 (McMahon 2017). Measurements of pH are 

used to identify the completion of carbonation. At this point, the area is re-graded using 

a bulldozer to remove any depressions. The cell is then ready for the subsequent layer of 

bauxite residue (McMahon 2017).  The BRDA operates as an upstream system, 

whereby each raised terraced area sits several metres in from the perimeter of the 

underlying raise.  Access to these raised terraced areas allows for the collection of 

bauxite residue representing different years of deposition.  The design of the BRDA 

includes sprinklers in the case of preventing any fugitive dust, whilst all run-off from 

the BRDA enters the underlying drainage and returned to the alumina refinery where it 

is recycled (Figure 2.2 (a)).  The use of dry stacking helps to reduce the storage space 

required by a refinery, while also reducing the risk of alkaline leachate coming into 

contact with the surrounding environment (Xue et al., 2016).   
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Figure 2.2 (a) Schematic of a BRDA, which incorporates the dry stacking or TTD technique for storage of bauxite residue, adapted from 

Alcoa (2005) (b) Image of an Amphiroll machine, which aids in the dewatering and atmospheric carbonation of bauxite residue (IAI 2015). 
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Dry cake disposal, a newer method of disposal, involves achieving a solid content of > 

65 % for the bauxite residue before moving into the BRDA (Nikraz et al., 2007). This 

process involves the removal of water via a mechanical mechanism to achieve this high 

solid content. As a result, it is not pumpable and must be transported to the BRDA using 

trucks or conveyor belts (Power et al., 2011).  

 

To further improve the state of the bauxite residue in storage and minimise the risk to the 

surrounding environment, neutralisation techniques such as through the addition of 

seawater (Hanahan et al., 2004), mineral acids such as sulphuric acid application 

(McConchie et al., 2002), carbon dioxide (Cooling et al., 2002), sulphur dioxide 

application (Fois et al., 2007), gypsum application (Courtney and Kirwan 2012) and even 

microbial addition (Krishna et al., 2005) are sometimes employed. However, this is not 

practiced by all alumina refineries.  

  

2.3.2 Neutralisation of Bauxite Residue  

Following the Bayer Process, bauxite residue remains highly alkaline as a result of the 

residual NaOH still present, giving the bauxite residue a pH value in the range of 10 to 

12 (Jones and Haynes 2011).  High alkalinity is one of the key issues posed by bauxite 

residue in storage, which if incorrectly managed, can cause risk to the surrounding 

environment (Xue et al., 2016) and also hinders establishment of vegetative cover on 

bauxite residue (Jones and Haynes 2011).  Depending on the alumina refinery, bauxite 

residue may be treated using various neutralisation techniques in order to reduce the 

alkalinity prior to its deposition in the BRDA (Power et al., 2011).  The choice of 

neutralisation technique employed by the alumina refinery (if any) is determined by cost 

and location (Xue et al., 2016).   For example, seawater neutralisation is a popular choice 

of neutralisation treatment, but only if the alumina refinery is in close proximity to a 

seawater source (Xue et al., 2016).  Similarly, gypsum is typically added to the bauxite 

residue when trying to establish vegetative cover (Courtney et al., 2009).   

 

2.3.2.1 Seawater Neutralisation 

When seawater is added to bauxite residue, a reaction occurs where hydroxide ions (OH-

), carbonate ions (CO3
2-) and aluminate ions (Al3+) (Palmer and Frost 2009) are eliminated 

due to a reaction predominantly involving Mg2+ (from the seawater), as seen in Eqn. 4 

(Kirwan et al., 2013) and also Ca2+ ions present in the seawater. This results in the 
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formation of solids of an alkaline nature such as brucite (Mg(OH)2) or hydrotalcite 

(Mg5Al2(OH)16.MgCO3.4H2) (Eqn. 4) or calcite (CaCO3).  Following this reaction, there 

is a buffering effect, which is reflected in a new pH, usually in the range of 8 to 9 (Power 

et al., 2011).   

 

6𝑀𝑔2+ + 8𝑂𝐻− + 2𝐴𝑙(𝑂𝐻)4−  + 𝐶𝑂32− ↔ 𝑀𝑔5𝐴𝑙2(𝑂𝐻)16.𝑀𝑔𝐶𝑂3.4𝐻2O (hydrotalcite)

                                                                                   Eqn. 4

  

2.3.2.2 Gypsum Neutralisation 

The use of gypsum (CaSO4.2H2O), a grey/white mineral composed of hydrated calcium 

sulphate, in the remediation of bauxite residue is another well-known method of 

neutralisation (Courtney et al., 2009) and when added to bauxite residue, a similar effect 

occurs with the precipitation of OH-, CO3
2- and Al3+ ions (Eqn. 5 and 6; Lehoux et al., 

2013). This causes a reduction in pH to approximately 8.6 by the buffering effect of 

CaCO3 (Gräfe et al., 2011).  In addition to this drop in pH, an increase in the EC is also 

noted in the bauxite residue due to the formation of sodium sulphate (Na2SO4) (Gräfe et 

al., 2011).   

 

𝑂𝐻−
(𝑎𝑞) + 𝐶𝑂2(𝑎𝑞) → 𝐻𝐶𝑂3(𝑎𝑞)

−                  Eqn. 5 

 

2𝑂𝐻−
(𝑎𝑞) + 𝐶𝑎𝑆𝑂4 . 2𝐻2𝑂(𝑠) + 2𝐶𝑂2 

↔ 𝐶𝑎𝐶𝑂3(𝑠)  + 𝑆𝑂4(𝑎𝑞)
2−   + 2𝐻2𝑂(𝑙) + 𝐻2𝐶𝑂3(𝑎𝑞)                             Eqn. 6 

 

2.3.2.3 Atmospheric Carbonation and Carbon dioxide 

Atmospheric carbonation, also known as mud farming, of bauxite residue is carried out 

by the use of Amphirols and agricultural machinery within BRDAs, which allows for 

exposure of the bauxite residue to carbon dioxide (CO2) in the air. Sufficient exposure 

and carbonation reduces the causticity below 30% and reduces the residue pH to below 

11.5. The completion of the carbonation/neutralisation is evidenced by pH measurements 

of bauxite residue samples from within the BRDA (McMahon 2017).   

 

Another technique which may be implemented by alumina refineries using CO2 is direct 

carbonation.  The addition of CO2 gas to the bauxite residue results in the rapid 
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neutralisation through a series of reactions (Eqns. 7 to 9) in which carbonic acid (H2CO3) 

is formed and dissociates into bicarbonate (HCO3
-) and carbonate (CO3

2-) ions, resulting 

in the release of a hydrogen ion (H+) which ultimately leads to a reduction in pH (Dilmore 

et al., 2007).  The pH may be reduce to approximately pH 8.5 using direct carbonation 

(Power et al., 2011).     

 

𝐶𝑂2(𝑔)
+  𝐻2𝑂 → 𝐻2𝐶𝑂3(𝑎𝑞)

−                                                                                            Eqn. 7 

𝐻2𝐶𝑂(𝑎𝑞) =  𝐻𝐶𝑂3(𝑎𝑞)
−  + 𝐻(𝑎𝑞)

+                                       Eqn. 8 

𝐻𝐶𝑂3(𝑎𝑞)
−  = 𝐶𝑂3(𝑎𝑞)

− + 𝐻(𝑎𝑞)
+                                                                                           Eqn. 9 

 

2.3.4 Re-use Pathways of Bauxite Residue 

Approximately 2 to 3.5 Mt of bauxite residue that is produced per annum is utilised in 

several ways within industry (Table 2.3), but this can vary due to changes in the economy 

(Evans 2016).  The majority of bauxite residue is utilised is in construction, with 500,000 

– 1,500,000 tonnes being used as an additive to cement (Table 2.3).  The iron and steel 

industry, in addition to roads and soil amelioration, are the other key areas in which 

bauxite residue used, with roughly 100,000 tonnes (Table 2.3) of bauxite residue being 

used as an adsorbent and in acid mine drainage (AMD).  

 

Table 2.3 Table showing the approximate values in tonne of the areas in which bauxite 

residue utilisation is occurring (Evans 2016). 

Area of utilisation Amounts utilised (tonne) 

Cement 500,000 – 1,500,000 

Raw material in iron and steel production 400,000 – 1, 500, 000 

Landfill capping/roads/soil amelioration 200,000 -  500,000 

Construction materials 100,000 – 300,000 

Other (refractory, adsorbent, AMD, catalyst etc.) 100,000 

 

2.4 Opportunities for Re-use  

2.4.1 P Adsorbent 

Bauxite residue has been identified as a potential adsorbent for the removal of P from 

aqueous solutions (Grace et al., 2016; Ye et al., 2016) due to it having a high surface 

reactivity potential as a result of the presence of particles of silica, Al, Fe, Ca and Ti 
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oxides and hydroxides (Santona et al., 2006).  In general, it is titanium oxide and iron 

oxide that are the two main active components required in order for adsorption of 

pollutants to occur (Liu et al., 2007). However, when focussing on the removal of P, it is 

both Fe and Al oxides that are key requirements which aid in the removal of P 

(Jacukowicz-Sobala et al., 2015).  Bauxite residue is typically comprised of a high 

composition of both Fe and Al oxides, with values reported to be between 5 to 60 % and 

5 to 30 %, respectively (Evan 2016).  It has been shown that bauxite residue has a high 

capability to adsorb and retain P onto the Fe and Al oxides at a neutral pH of 

approximately 8 (Klauber et al., 2011).  One knowledge gap identified, questions the 

potential differences in P adsorption capacity within the different fractions of bauxite 

residue (fine and coarse fraction) which may be separated depending on the refinery as 

previously mentioned and of which the fine fraction is currently underutilised and placed 

in the BRDAs.   

   

The typical mechanism in which P is removed with Fe and Al oxides can be described as 

being specific and non-specific (Stumm 1992; Cornell and Schwertmann 2003).  Specific 

adsorption involves the process of ligand exchange (Jacukowicz-Sobala et al., 2015) and 

involves the exchanging of a phosphate ion with one or more hydroxyl groups, resulting 

in the release of a (hydroxide) OH2 and/or a hydroxyl group (OH-) back into the 

surrounding aqueous solution, which contributes to an increase in the alkalinity of the 

surrounding environment (Cornell and Schwertmann 2003).  This can be seen in Eqn. 10 

and 11: 

 

         ≡ FeOH + An
− ↔   FeAn ≡ +OH

−
 

   Eqn. 10 

Fe(OH)
2

+ An
− ↔ ≡ Fe2 + An

+ + 2OH
−  

   Eqn. 11 

 

Non-specific adsorption involves electrostatic interactions between the surface of the 

adsorbent (which has an electric charge) and the phosphate ion (Jacukowicz-Sobala et al., 

2015).  This mechanism is greatly influenced by the pH of the aqueous solution, with 

solutions with a high pH resulting in a reduction in the number of positive charges present 

on the surface of the oxide involved (Jacukowicz-Sobala et al., 2015).  Knowing the 
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PZCpH of the adsorbent material is essential in identifying how effective it will be in the 

removal of specific ions (Appel et al., 2003).  If the pH is below the PZCpH for the 

adsorbent, then it will have an overall positive charge and therefore retain or adsorb more 

anions (which carry a negative charge) such as phosphate ions (Appel et al., 2003).      

 

There are several factors which affect the adsorbance of P by iron and aluminium oxides; 

these include pH in the solution which influences the overall charge on the adsorbent 

(Weng et al., 2012), the presence of natural organic matter (NOM) which block positively 

charge adsorption sites for potential anions (Moshi et al., 1974) and solution ion 

composition which may influence competition for occupancy of adsorption sites on the 

adsorbent (Weng et al., 2012). One particular ion, Ca, which may be added through the 

use of gypsum application in the neutralisation process, influences the precipitation of 

phosphates at high concentrations, with sorption occurring at low P concentrations 

(Holten et al., 1988; Bastin et al., 1999).    

 

The results of previous studies using bauxite residue in the adsorption of P are shown in 

Table 2.4. The majority of the research has been carried out at laboratory scale using 

batch studies and have investigated the impact of pH, initial concentration of P, and 

contact time.  However, batch studies have some disadvantages, such as failing to 

replicate the often passive nature of the adsorption process which exists on site, as well 

as sometimes using unrealistic ratios of adsorbent to solution, shaking of the samples and 

fail to realistically replicate any incidental releases of contaminants, which may occur 

when some materials are placed in filters (ÁdÁm et al., 2007; Søvik and Kløve, 2005).  

In order to determine the full potential and longevity of an adsorbent, larger scale 

“column” studies are necessary (Pratt et al., 2012).  One notable gap in the literature 

highlights the absence of studies using the fine fraction bauxite residue in column studies 

to treat actual wastewaters, with the exception of Penn et al., (2011) and Herron et al., 

(2016) who carried out studies using bauxite residue as a sorbing material to prevent P 

run-off.  Enhancement of bauxite residue using various treatments such as heat, acid and 

seawater application has also been carried out and shown to enhance the P adsorption 

capacity of the bauxite residue examined (Table 2.4).  

 

Treatments such as the application of high temperature results in mineral phase transitions 

within the mineralogical composition of the bauxite residue and leads to an overall 
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increase in the SSA of the bauxite residue and also removes water molecules from the 

surface of the bauxite residue (Ha et al., 2011; Tong et al., 2013).  Similarly, the 

application of acid treatments such as the addition of HCl, result in a noticeable increase 

in the SSA of the bauxite residue and thus the overall adsorption capacity as a result of 

the acid increasing the positive charge on the surface of the bauxite residue and also 

allowing for the exposure or “cleansing” of more OH- groups (Altundogan et al., 2002).  

Applications of seawater or gypsum result in reducing alkalinity and also introduction 

cations such as Ca2+, which promotes precipitation of phosphate from solution and have 

been shown as effective treatments in the enhancement of the bauxite residues adsorption 

capacity (Despland et al., 2011; Lopez et al., 1998). 

 

Bauxite residue may also contribute to the removal of other contaminants such as Ni(II) 

(Hannachi et al., 2010), Cu(II) (Agrawal et al., 2004), Cd(II) (Zhu et al., 2007), Zn(II) 

(Lopez et al., 1998) and Pb(II) (Apak et al., 1998) due to the wide range of minerals such 

as Fe oxides like hematite and Al oxides like gibbsite (which have individual PZCpH 

values; 8.7 to 9.8 for hematite and 5 for gibbsite) (Power et al., 2011).  As a result, two 

products, Redmedite™ and Bauxsol™, have been developed from modified bauxite 

residue for the removal of several contaminants in wastewater treatment (Evans 2016). 
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Table 2.4 Reported adsorption behaviour of bauxite residue using various pre-treatment methods. 

Country P Recovery Technique Factors Investigated Type of media  Initial P 

concentration 

of the water 

P Recovery 

Efficiency per 

g media 

Reference  

Untreated bauxite residue 
 

Ireland Batch adsorption 

experiment 

Kinetics, pH and temperature Synthetic water 5–100 mg P L-1 0.2 mg P g-1 Grace et al., 

2015 

Gypsum treated bauxite 

residue 

 

Spain Batch adsorption 

experiment 

Column filtration set up 

Contact time (3, 6, 24, 48 hr) 

Percolation 

Synthetic water 20-400 mg P L-

1 

7 mg P g-1 Lopez et al., 

1998 

Brine treated bauxite residue 

(Bauxsol™*) 

 

Australia Batch adsorption 

experiment 

 

pH, ionic strength, time Synthetic water 0.5-2 mg P L-1 6.5-14.97 mg P 

g-1 

Akhurst et 

al., 2006 

Acid treated bauxite residue   
 

Australia Batch adsorption 

experiment 

Acid type, pH 

 

 

Synthetic water  1 mg P L-1 0.6 mg P g-1 Huang et al., 

2008 

Acid and heat treated bauxite residue 
 

China Batch adsorption 

experiment 

Time, pH and initial concentration Synthetic water 155 mg P L-1 202.9 mg P g-1 Liu et al., 

2007 

*Bauxsol™ = neutralised bauxite residue produced using the Basecon™ procedure, which uses brines high in Ca2+ and Mg2+ (McConchie et al., 2001)
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2.4.2 Elements that are CRM 

The ‘Raw Materials Initiative’ as set out by the European Union (EU), aims to secure and 

sustain an affordable supply of CRMs which have been identified as materials as having 

high economic importance and listed with their potential supply risk (Figure 2.3) 

(COM/2017/0490).  The list of CRMs contains 27 materials (Figure 2.3) which are 

inclusive of the platinum group metals (PGM) and REEs which can be broken down into 

light REE [lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), 

samarium (Sm), europium (Eu)] and heavy REE [gadolinium (Gd), terbium (Tb), 

dysprodium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium 

(Lu), including yttrium (Y)] (Xu et al., 2017), phosphate rock, and scandium (Sc) 

(Binnemans et al., 2018) which was added in 2017. Phosphorus was also added to the list 

of CRMs in 2017 (COM/2017/0490).   

 

 

Figure 2.3 The list of 27 critical raw materials (CRMs) as listed by the Raw Materials 

Initiative is seen here in the shaded box.  The non-critical raw materials are noted in the 

non-shaded box ((COM/2017/0490)). 
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CRMs have many industrial uses. For example, V is required in the manufacture of 

electrodes (Morel et al., 2016), whilst Ga is necessary in the production of catalysts (Qin 

and Schneider 2016).  Research in recent years has focussed on the use of various 

industrial by-products such as phosphogypsum, mine tailings, slags and bauxite residue 

as potential secondary sources for CRM supply (Binnemans et al., 2015).  Of these 

industrial by-products, bauxite residue has been studied as a potential secondary source 

for CRMs in several studies (Borra et al., 2015; Mohaptra et al., 2012; Qu et al., 2013).     

 

Bauxite residue, in particular the residue generated from karstic type bauxite ore, has been 

identified as having high concentrations of various CRMs such the REEs in particular 

such La and Ce etc. (Table 2.5), as these have the greatest supply risk and associated 

economic value to Europe (Binnemans et al., 2015).  The accumulation of the REEs 

occurs during the processing of the bauxite ore during the Bayer Process and is associated 

with Fe and titanium (Ti) minerals, of which bauxite ore is mainly composed 

(Derevyankin et al., 1981).  An additional factor which has not currently been reported in 

the literature and which may have an impact on the CRM content of bauxite residue is the 

time spent in a BRDA and therefore is a key consideration to include in the potential use 

of bauxite residue as a potential secondary source for these CRMs. 

 

In order to extract and recover CRMs from by-products such as bauxite residue, large 

amounts of chemical and energy inputs are required, and are generally unfeasible from a 

financial point of view (Ujaczki et al., 2018). The typical recovery of CRMs may involve 

direct leaching using mineral acids such as sulphuric (H2SO4), hyrdrochloric (HCl) or 

nitric acids (HNO3), leaching following pyrometallurgical/mechanical operations, or 

indirect hydrometallurgical leaching (Binnemans et al., 2013).  However, it may be 

argued that the capital investment required in the extraction and recovery of CRMs from 

bauxite residue could be offset against the overall benefits of using bauxite residue as a 

potential secondary source of CRMs such as the reduced costs associated with bauxite 

residue disposal, reduction in the loss of fertile land that would be required for the storage 

of bauxite residue, as well as the financial value of the recovered CRMs (Ujaczki et al., 

2018), particularly Sc which is valued at  4,600,000  US $ t-1 (USGS 2016). 
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Table 2.5 Average concentrations of REEs in Greek bauxite residue, expressed in g t-1.  

Amended table taken from Ochsenkühn-Petropoulou et al., (1994). 

Element Concentration (g t-1) 

La 149 

Ce 418 

Pr 25.8 

Nd 115 

Sm 28.9 

Eu 5 

Gd 23.3 

Tb N.D.* 

Dy 12.8 

Ho 4.3 

Er 17.2 

Tm N.D.* 

Yb 15.6 

Lu 2.4 

Y 93.9 

Sc 127.9 

*N.D. = not detectable 

 

2.4.2.1 Phosphorus and Phosphate Rock 

Phosphorus (P), a non-metal element found in the N group which is fundamental to life, 

with some of its main functions in the human body inclusive of helping in the formation 

of strong healthy bones and teeth, helping to produce energy, and assisting in the moving 

of muscles (Karl 2000; Desmidt et al., 2015).  Phosphorus is also required in the growing 

of crops and plants (Cordell and White 2011) and is therefore crucial in the production 

and supply of food (Cooper et al., 2011).  As phosphorus cannot be produced 

synthetically, it is a non-renewable resource (Neset and Cordell 2012), the majority of 

which is sourced from phosphate rock (Cooper et al., 2011).  

 

Phosphate rock accounts for up to 60% of P available to humans for use in fertilisers, 

which are applied to soil (Cordell, 2011).  The remaining P is recycled through the use of 

manures, crop residuals and human excreta (Cooper et al., 2011).  In recent years, with 

https://www.sciencedirect.com/science/article/pii/S0959652615002164#bib159
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both increases in the global population and the increase demand on food supply, emphasis 

has been placed on the estimated phosphate rock reserves , with reserves likely to be used 

up in the next 50 to 100 (Gunther 2005).  As a result, both P and phosphate rock have 

been listed as CRMs within a European context (EU COM/2017/0490).  Phosphate rock, 

also known as phosphorite (Desmidt et al., 2015), is found deposited at different locations 

throughout the world (Figure 2.4) and is commonly found as sedimentary phosphate rock 

deposits or igneous phosphate rock deposits (Aydin et al., 2009).  Sedimentary phosphate 

rock deposits are found in much lower quantities than igneous forms, and are therefore 

more expensive. As a result, igneous phosphate rock sources account for 80% or more 

for production on a global scale (Desmidt et al., 2015).    

 

Figure 2.4 Global map (as taken from Desmidt et al., 2015) showing both production 

and consumption of phosphorus (data from U.S. Geological Survey, 2012). 

 

The distribution of phosphate rock can be observed in Figure 2.4, which shows the 

volume (%) of phosphate rock associated with each continent.  The sedimentary type is 

predominantly found in North Africa, China, the Middle East and USA with the igneous 

found in Brazil, Canada, Russia and South Africa (Desmidt et al., 2015).    

 

On an annual basis, 180 to 190 Mt of phosphate rock are mined across the world, with 

China, USA and Morocco (Figure 2.4) being the main areas (U.S. Geological Survey 

2012; Desmidt et al., 2015).  Increasing the price of fertilisers is one way in which the 

issue of declining supply of phosphate is being dealt with (Cordell et al., 2009), with 2008 

seeing an 800% increase in the price of phosphate rock and its fertilisers (Cordell and 
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White 2011).   Cordell et al. (2009) state that there is “no quick fix” to finding a 

replacement for fertilisers from phosphate rock, but that there are numerous ways to 

recover and recycle P, particularly from wastewater (Hukarie et al., 2016).    

 

2.4.2.1.1 Soil P and Water Quality 

Phosphorus is present within soil in organic and inorganic forms (Battini et al., 2017), 

with only a minute amount (<1 %) readily available for uptake by vegetation (Richardson 

et al., 2005).  Soil P uptake greatly influenced by pH, with the most plant available 

between pH 6.3 to 7 (Plunkett et al., 2019).  The soil P cycle includes inputs through the 

process of weathering, decomposed plants, application of inorganic and organic fertilisers 

and animal wastes and includes many processes within the soil such as sorption, 

desorption, immobilisation, mineralisation, precipitation and dissolution reactions (Kruse 

et al., 2015).  Outputs of phosphorus from soil include uptake by vegetation, and P that is 

lost through erosion and leaching (Kruse et al., 2015).    

 

Within Ireland and the larger European setting, grass is the main source of nutrition for 

cattle within the dairy and beef industry and therefore vital for the sustenance of the 

agriculture sector (Peeters, 2015).  In recent years with the expansion of the dairy sector, 

there is increased pressure to ensure adequate grass supply (Chen and Holden, 2018).  

There, greater emphasis has been placed on ensuring that soils have sufficient P in order 

to maximise high quality grass growth (Plunkett et al., 2019).  The approach taken is to 

build and manage P content within soil through the use of regular soil testing 

(recommended every 3-4 years) and thereby applying the correct volume of P to the soil 

in order to achieve and maintain “good” soil P status (Plunkett et al., 2019).  

 

The amount of P within soil determines its P status and is quantified through the use of 

soil test phosphorus (STP) methods which vary from region to region and include 

methods such as Morgan’s P test (Plunkett et al., 2019).  From an Irish context, the STP 

method used is Morgan’s P test and following the determination of the soil P content, the 

soil is then given a P index value (Lalor and Culleton, 2009).  The P index values range 

from one to four, with one being the very deficient in P (0.0 – 3.0 mg L-1) and four (> 8 

mg L-1) having a very high soil P concentration (Lalor and Culleton, 2009), with the 

approximate time frame to move up one soil P index roughly four years (Plunkett et al., 

2019).  Under article 16(5) of the Good Agricultural Practice for Protection of Waters 
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Regulations (S.I. No 605/2017), effective from 1 January 2018, grassland farmers now 

have the option of using increased P build-up levels to rectify soil phosphorus deficiency 

(S.I. No 605/2017).  

 

However, soil P (and N) may become problematic over time following build-up or over 

application through the intensification of agriculture and making, its way into 

surrounding water bodies (Withers and Haygarth, 2007).  The movement of P from soil 

to water bodies is predominantly in the form of particulate or dissolved reactive P 

(DRP) (Brennan et al., 2014).  Particulate P is not 100% bioavailable, as it has to enter 

solution before becoming bioavailable; however, DRP is 100% available for aquatic 

biota and, therefore, has an immediate effect on the surrounding ecosystems, leading to 

eutrophication (Penn et al., 2014).  Eutrophication arises when excess phosphates and 

nitrates enter water bodies. This causes the dissolved oxygen to become depleted by the 

excessive growth of algal blooms (Anderson et al., 2002), and can be described as the 

“over-enrichment” of a water body with minerals (Correll 1998).   As a result of the 

intensification of agriculture which is the largest land using sector in Ireland, the 

degradation of the water of quality, particularly in rivers is as a result of agriculture 

(Figure 2.5) (EPA, 2017), which accounts for 53% followed by municipal sources 

which account for the degradation of 34 % of water bodies (EPA, 2017).    The source 

of P loss and other nutrients such as N can be classified as being point, which includes 

drains or outlets from infrastructure housing livestock and non-point sources which 

include run-off from land (Yang et al., 2017).  This is mainly attributed to P loss from 

run-off as a result of over application of P fertiliser, soil type (poorly drained and peaty 

have poor P retention due to the lack of Fe and Al) and/or close proximity to water 

bodies (Daly et al., 2001).  In addition, dairy soiled water (DSW) which is composed of 

milk parlour washings composed of cow faeces and urine, milk and detergents 

(Minogue et al., 2015) is one area for concern for dairy farmers as several studies have 

shown that the over application of these effluents lead to N and P loss to ground and 

surface waters and the move to improving on-farm nutrient management (Murnane et 

al., 2016).   
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Figure 2.5 Breakdown of the main contributors to poor water quality status in Irish 

water bodies (EPA, 2017). 

 

The Water Framework Directive (WFD) is an EU Directive (EC, 2000), which has an 

overall aim to improve water quality and is applicable to rivers, lakes, groundwater, 

estuaries and coastal waters, in which Ireland has been set the target to achieve a ‘good 

status’. Since 2006, there has been focus on reducing water pollution caused by P and N 

within agriculture under the Nitrates Directive (EC, 1991).  Overall, little net change 

has been observed in the status of our water bodies, even though 398 bodies have 

improved this has been offset with 515 that have disimproved (EPA, 2017).  Due to 

little improvement in the status over the past 2-3 decades, the Irish Government has 

adopted a new strategy The River Basin Management Plan for improving water quality 

between 2018 and 2021 (River Basin Management Plan 2018) along with the inclusion 

of the Agricultural Sustainability Support and Advice Programme (ASSAP), a new 

advisory service to liase with farmers in order to achieve the aim of improving water 

quality and focusses on the agricultural pressures (Teagasc 2017).  

 

One other source of the degradation of Irish water quality, which accounts for 16 %, is 

forestry (Figure 2.5).  Approximately 10.5 % of land use in Ireland, is forest, of which 

44 % are planted on peatland (National Forest Inventory, 2012).  It is widely reported 

that highly organic soils and peats, lack both Al and Fe, which result in these soil types 

having poor P retention capacity, which is a major environmental issues once felling 



35 
 

and harvesting occurs due to the P loss and its potential to run-off into surrounding 

water bodies (Finnegan et al., 2014).  However, key steps and best practice management 

is to incorporate the use of riparian strips as a preventive measure to prevent P run-off 

into water bodies (Forest Service, 2000).  

 

In wastewater treatment, techniques for the removal and recovery of P include chemical 

precipitation, biological removal of P, crystallisation methods, novel chemical 

precipitation and sludge methods (Morse et al., 1998). Chemical precipitation involves 

metal salts such chlorides or sulphates being added to the wastewater, which result in the 

precipitation of insoluble metal phosphate (Desmidt et al., 2015).   Enhanced Biological 

Phosphorus Removal (EBPR) involves the activation of sludge, which may result in as 

much as 97% of total phosphorus (TP) being removed (Clark et al., 1997). 

 

2.4.2.2 Recycling of Phosphorus from Wastewater 

In recent years, the EU has focused on the implementation of a Circular Economy, which 

move towards a “zero waste” approach (European Parliament, 2015).  This is set out in 

an action plan titled “Closing the Loop” which focusses on the move from waste to 

resources with the aim of increasing the potential market for the use of secondary raw 

materials and water reuse.  In particular, one category of great importance is the recycled 

nutrients category, which would reduce the need for mineral-based fertilisers, which is 

dependent on phosphate rock, a finite resource and is a lead cause in affecting the 

environment (European Parliament 2015).   

 

Emphasis has been placed on the removal of P from both municipal and industrial 

wastewaters (Kok et al., 2018; Nättorp et al., 2017) highlighting an untapped source of P 

which would help in the achievement of P sustainability (Koppelaar and Weikard 2013).  

Interest has been shown on the potential re-use of by-products such as bauxite residue, 

steel slag and fly ash particularly as low-cost P adsorbents for water treatment (Grace et 

al., 2016).  Studies carried out by Penn et al., (2011) and Herron et al., (2016) highlighted 

the potential of such by-products in the treatment of agricultural wastewater, particularly 

bauxite residue in the removal of P within a farm practice.  However, there is a gap within 

the literature as to how they may perform in terms of potential fertiliser replacements, 

particularly in an agricultural setting.       
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There has been significant progress within the wastewater treatment process, with 

numerous P removal techniques have been established for application in various stages 

of the wastewater treatment process such as (1) liquid phase (2) sludge phase, and (3) 

mono-incerated sludge ash, which occurs when sludge is incinerated separately from 

other wastes (Cornel and Schaum 2009).  On average, up to 90% of P present in 

wastewater may be removed in sewage sludge (Egle et al., 2016), while 40 to 50% of P 

may be removed from the liquid phase (Cornel and Schaum 2009).  Recently, focus has 

shifted from P removal from wastewater (which aims for P free effluent) to P recovery, 

which aims to find re-use in either an agricultural setting or within industry for the P 

recovered from wastewater (Desmidt et al,. 2015).  This offers a potential P nutrient 

source, which in some countries such as Ireland is being practiced with up to 80% of 

treated sludge being applied to land (Healy et al., 2017). 

   

Another mechanism for potential P recovery from wastewater is through the 

incorporation of a crystallisation process in the waste water treatment plant (WWTP), 

which facilitates the precipitation and recovery of P in the form of calcium phosphates 

(Ca-P) or struvite (magnesium-ammonium-phosphate/MgNH4PO4.6H2O; Desmidt et al., 

2015; Hukari et al., 2016).  Calcium phosphate is the main component in phosphate rock 

(the main source of P for the production of fertilisers) and following its recovery, may be 

utilised within the phosphate industry (Desmidt et al., 2015).  Struvite, which accumulates 

in the pipelines within WWTP, is of particular interest as a potential source of fertiliser 

replacement (Talboys et al., 2016) due to its solubility in aqueous and soil solutions, 

which means that it may be a source of P, N and magnesium (Mg) for plants (Ryu et al., 

2012).   

 

Within an EU context, several technologies involving struvite crystallisation processes 

such as Pearl, AirPrex and NuReSys have been implemented full scale (Hukari et al., 

2016); however, issues still arise in the total implementation of P recovery within the EU 

due to the need for revisions in current legislation such as the Fertilisers Regulation which 

would allow for the inclusion of recycled fertilisers (Hukari et al., 2016).  

 

2.4.2.3 European Legislation on Phosphorus Recycling from Wastewater  

Several barriers for the recovery and recycling of P have been identified within the 

current EU legislation and regulations together with the limitations within the emerging 
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recovery and recycling sectors (ERRS) (Hukari et al., 2016).    The central legislation, 

which controls recovery and recycling installations in for example a wastewater 

treatment plant (WWTP), includes the Environmental Impact Assessment Directive 

(EIA) (Dir. 2011/92/EU (European Parliament, 2011)) and the Directive on Industrial 

Emissions (IED) (Dir. 2010/75/EU (European Parliament, 2010)).  In the event that a 

WWTP is aiming to produce a fertiliser product from the recycled P, it is required to 

declare itself as a “fertiliser producer” which involves the need for EIA and IED-

permits.  The origin of the input waste to undergo the recycling or recovery process is 

also a key factor for consideration, and if originating outside the country where the 

WWTP is located, then another piece of legislation applies, the Shipment of Waste 

Regulation (Reg. 1013/2006 EC (European Parliament, 2006a)). 

 

The P recovered and recycled is identified as waste unless the WWTP recycler is 

successful in achieving the criteria as set out by the The End-Of-Waste (EoW) criteria 

of the Waste Framework directive (Article 6(1) and (2) of the WFD/EC Directive 

2008/98/EC; European Parliament, 2008a) which stipulates that, instead of waste-

related obligations, product legislation can be applied for materials recovered from 

waste.  Once product legislation is met the “product” needs to achieve the criteria as set 

out by the European Chemicals Regulation (REACH; Reg. 1907/2006 EC (European 

Parliament, 2006b)) and the Classification, Labelling and Packaging of Substances and 

Mixtures Legislation (CLP; Reg. 1272/2008 EC (European Parliament, 2008b)) in order 

to be permitted for production and sale of the product.  One stipulation that is set out by 

REACH is that chemical substances (inclusive of fertilizers and ashes) that are either 

manufactured in or imported into Europe in quantities greater than 1 tonne per year 

must be registered with the European Chemicals Agency (ECHA) which requires full 

safety data sheets (SDSs) which provide all information on the chemical substance, its 

preparation and any potential hazards.  For the product to be fully recognised as a 

fertiliser, it must meet all criteria set out by the Fertilisers Regulation (Reg. EC 

2003/2003 (European Parliament, 2003)).  The current process and various pieces of 

legislation highlights the need for more harmonious approach to allow for the successful 

recovery and recycling of P (Hukari et al., 2016).  

  

https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0125
https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0120
https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0095
https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0100
https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0100
https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0110
https://www.sciencedirect.com/science/article/pii/S0048969715307245#bb0090
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2.5 Limitations and Barriers for the General Re-use of Bauxite Residue 

There are several barriers and potential implications in the general re-use of bauxite 

residue, particlulary as a P adsorbent due its general composition (Klauber et al., 2011b).  

Depending on its pH and origin, the potential leaching of metals and pollution swapping 

from bauxite residue is one key concern (Cornelis et al., 2008).  Metals such as chromium 

(Cr) and arsenic (As) are the two of greatest concern, due to their potential for uptake in 

plant vegetation (Evans 2016).  This is also a key issue for other by-products such as fly 

ash (Chou et al., 2009) and ground granular blast furnace slag (Grace et al., 2016) which 

have been investigated as potential P adsorbents.  Similarly and depending on the location 

of the bauxite ore from which the bauxite residue is generated, radioactivity emittance 

from the bauxite residue may be also be an issue because of the presence of uranium 

(238Ur) and thorium (232Th) (Kovács et al., 2013). 

 

Other key barriers and limitations for the re-use of bauxite residue include the issue of 

high alkalinity, sodicity and salinity associated with bauxite residue (Johnston et al., 

2010; Jones and Haynes 2011).  However, this can be greatly reduced using various 

amendments such as with gypsum application or neutralisation techniques such as with 

seawater (Kirwan et al., 2013) but this will have implications such as equipment necessary 

to carry out such treatments.   For a refinery, the cost of neutralisation techniques is an 

obvious consideration when deciding which technique(s) to use.  The use of seawater as 

a neutralisation technique would be a cheap and feasible option for a refinery that is close 

to the sea.  The establishment of a pipeline (if not already in place) would be the dominant 

capital cost.  Gypsum may be a more expensive option, requiring machinery such as 

Amphirolls and agricultural machinery such as tractors.  Depending on the refinery’s 

location, waste gypsum from construction sites or fossil fuel powered power stations may 

be used (Jones and Haynes, 2011).  However, the overall cost implications of 

implementing such measures to amend/treat the bauxite residue for use as a P adsorbent 

may be offset by the further re-use potential of the bauxite residue as a possible nutrient 

source/fertiliser, particularly with the current focus on phosphate rock depletion (Desmidt 

et al., 2015). The low solid content that is present in bauxite residue is also an issue and 

source of high costs in the potential transport of the bauxite residue within/from the 

alumina refinery in order to be processed for potential re-use (Evans 2016).  Overall, for 

any potential re-use outlet for bauxite residue, it must be cost effective, low risk, perform 

well and incorporate high volumes of the bauxite residue (Klauber et al., 2011b).    
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2.6 Summary  

The generation of bauxite residue is increasing by an estimated 150 Mt annually. The 

management of this by-product is a big concern both from an environmental and policy 

point of view, due to its composition and the high management costs involved.  The lack 

of utilisation of this by-product is something that the alumina refineries, environmental 

and governmental agencies need to consider. As it has a high adsorption capacity for P, 

due to its high Fe and Al oxide content, there are potential options for its re-use in 

wastewater and water treatment, particularly in the removal of P, which has recently been 

identified as a CRM. In addition, phosphate rock, the source of P for the production of P 

fertiliser, is also listed as a CRM.  Bauxite residue has also been recognised as a potential 

secondary source for other CRM such as V, Sc and Ga.  However, the general 

composition and CRM content of bauxite residue varies because of the bauxite ore used 

and the parameters used within the Bayer Process.  In addition, variation may also be 

present within the BRDA of an alumina refinery due to factors such as neutralisation 

techniques implemented by the refinery prior to disposal, residue management and 

disposal strategies, and weathering of deposited residue.   

 

Using bauxite residue as an adsorbent for P removal from wastewater is one potential 

option in the recovery and recycling of P from wastewater.  From the various studies 

using bauxite residue (Table 2.4), it is clear that compounds high in Fe and Al oxides, 

containing a high SSA and have a PZC in the range of pH 8 to 9, have high adsorption 

capacities for P.  In order to achieve the maximum adsorption capacity possible, 

modification of the bauxite residue is necessary in order to lower the pH to the optimum 

PZC (pH 8 to 9) for the highest adsorption of P.  The preferred methods of modifying the 

bauxite residue in order to lower the pH are seawater and gypsum treatments, as these are 

more cost effective and logistically easier than modification using acids.  Further re-use 

of the bauxite residue following the P adsorption process could involve the use of the 

bauxite residue as a potential nutrient source. 
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Chapter 3  

 

 

An Evaluation of the General Composition and Critical Raw 

Material Content of Bauxite Residue in a Storage Area over a 

Twelve-year Period  

 

Overview 

The aim of this chapter was to investigate the general composition of fine fraction bauxite 

residue samples in storage over a twelve-year period in terms of its physico-chemical, 

elemental and mineralogical composition.  This would allow for the determination of any 

possible variation within the bauxite residue whilst in storage, which could affect 

potential re-use as a secondary source of critical raw materials or use as an adsorbent for 

the removal of phosphorus. 

 

This study has been published in the Journal of Cleaner Production (Cusack, P.B., 

Courtney, R., Healy, M.G., O’Donoghue, L.M. and Ujaczki, É., 2019. An evaluation of 

the general composition and critical raw material content of bauxite residue in a storage 

area over a twelve-year period. Journal of Cleaner Production, 208, pp.393-401. DOI 

Link: https://doi.org/10.1016/j.jclepro.2018.10.083).  Due to the complexity and 

associated risks of obtaining the bauxite residue samples over a twelve-year period from 

the main refinery, samples were taken by workers at the alumina refinery and provided 

to Patricia B. Cusack and Dr. Éva Ujaczki who shared in the characterisation and 

determination of critical raw material content of these samples.  Patricia B. Cusack is the 

primary author main contributor to the experimental design and set-up of this study and 

publication.  Dr. Ronan Courtney and Dr. Mark G. Healy were the main contributors to 

editing of this manuscript and also contributed to the experimental design and set-up, with 

inputs also from Dr. Éva Ujaczki.  Dr. Lisa M. O’ Donoghue was also listed as an author 

on this publication as this study was part of the overall Alsource project.  The published 

paper is included in Appendix A.     

 

https://doi.org/10.1016/j.jclepro.2018.10.083
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3.1 Introduction  

Bauxite residue (red mud) is the by-product generated during the extraction of alumina 

from bauxite ore using the Bayer Process (Kirwan et al., 2013), and is currently being 

produced at a global rate of 150 Mt per annum, adding to the 3 Bt already in storage 

worldwide (Evans 2016).  Currently, less than 2 % of the bauxite residue generated 

annually is being re-used (Ujaczki et al., 2018), with the remaining ~ 98 % going into 

bauxite residue disposal areas (BRDAs) (Burke et al., 2013).  The average cost of 

disposing and managing of bauxite residue in storage is 1-2 % of the alumina price for 

the alumina refinery (Tsakiridis et al., 2004).   

 

Current best practice guidelines for the storage of bauxite residue is to use dry-stacking, 

a method which involves the thickening of the bauxite residue slurry from the Bayer 

process, using a filter press or vacuum filtration (depending on the refinery), before being 

spread in layers in the BRDA (Power et al., 2011; Evans 2016).  Depending on the nature 

of the bauxite ore used, some refineries operate a separation technique (Evans 2016), 

which allows the bauxite residue to be separated into two main size fractions: a fine 

fraction (particle size <100 µm) and a coarse fraction (particle size > 150 µm) (IAI 2015; 

Jones et al., 2012).   Bauxite residue is typically characterised as being highly alkaline, 

saline and composed of mainly fine particles comprised of a wide range of metal(loid)s 

and minerals (Gräfe et al., 2009).  This poses challenges in the long-term management of 

BRDAs in terms of protecting the surrounding environment (Higgins et al., 2017; Kong 

et al., 2017), due to the high alkalinity, increased risk of dust pollution (due to the fine 

particles), and leaching of trace elements (Wang et al., 2015; Kong et al., 2017).  The 

disposal conditions and management of residue in a BRDA is dependent on many factors 

such as location, climate, engagement with local communities and stakeholders (IAI 

2015) and involves licencing permits from regulatory authorities (such as the 

Environmental Protection Agency).  For example, European operators must meet the 

requirements according to the European List of Waste and Directive (EU Communities 

1999, 2002).  As a result of this, some refineries implement neutralisation techniques 

prior to disposal, such as carbon dioxide (CO2) sparging of residues (Cooling 2007) or 

post disposal through the use of atmospheric carbonation (mud farming) with 

amphirolling (Evans 2016) in the BRDA, which helps in the neutralisation, dewatering 

and compaction of the bauxite residue (Evans 2016; Gomes et al., 2016; Higgins et al., 
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2016; Zhu et al., 2016), reducing both alkalinity and moisture content, which are two 

limitations to the re-use of bauxite (Evans 2016).  

   

Traditionally, the re-use of bauxite residue has focussed on construction applications such 

as cementitious application (Pontikes and Angelopoulos 2013; Nikbin et al., 2018).  Some 

other re-use options for bauxite residue have included polymers (Hertel et al., 2016), 

ceramics (Pontikes et al., 2009) and catalysts (Wang et al., 2008); adsorbents for 

wastewater treatment (Bhatnagar et al., 2011), particularly for the removal of arsenic (As) 

(Arco-Lázaro et al., 2018), chromium (Cr) (Dursun et al., 2008), nickel (Ni) (Hannachi 

et al., 2010), copper (Cu) (Atasoy and Bilgic 2018), cadmium (Cd) (Ha et al., 2017) and 

phosphorus (P) (Cusack et al., 2018), as well as applications as potential soil ameliorants 

(Ujaczki et al., 2015).  More recently and due to the demand of critical raw materials 

(CRMs), particularly the rare earth elements (REEs), studies have examined the potential 

of bauxite residue as a secondary source of these materials and their potential economic 

value (Gomes et al., 2016; Xue et al., 2016; Ujaczki et al., 2017).          

  

Within the European Union (EU), the ‘Raw Materials Initiative’ ensures that Europe 

secures and sustains an affordable supply of CRMs which are identified as being of high 

economic importance and having a risk to their supply (EU COM/2017/0490). The list of 

27 CRMs features elemental groups and single elements, including platinum group metals 

(PGM) and REEs (EU COM/2017/0490). The REEs are divided into light REE 

[lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), samarium (Sm), 

europium (Eu)] and heavy REE [gadolinium (Gd), terbium (Tb), dysprodium (Dy), 

holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), including 

yttrium (Y)] (Xu et al., 2017) plus scandium (Sc) (Binnemans et al., 2018). Depending 

on the origin of the bauxite residue generated, it may be a potentially valuable source of 

CRM and other elements e.g. REEs, Sc, V, Ga, and titanium (Ti) (Liu and Naidu 2014).  

Also included in the 2017 CRM list is P and phosphate rock, which are also of particular 

interest, as bauxite residue has been previously identified as having a high P retention 

capacity (Grace et al., 2015, 2016; Cusack et al., 2018) due to its high aluminium (Al) 

and iron (Fe) oxide content (IAI 2015), making it a possible resource in the removal and 

recovery of P from aqueous solutions (Grace et al., 2015; Cusack et al., 2018).  
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Although bauxite residues are typically similar in composition,  properties can vary 

between refineries and this is attributed to the type of ore used, as well as different process 

parameters, such as temperature, pressure and concentrations of caustic soda (NaOH), 

slaked lime (Ca(OH)2) and other additives used in the Bayer process (Gräfe et al., 2009; 

Gräfe et al., 2011).  This indicates that re-use options should be refinery-specific 

(Balomenos et al., 2017).  A further potential limitation, is that bauxite residue 

composition, such as pH and bulk density, may change over time in storage (Kong et al., 

2017a; Zhu et al., (2016a,b), which greatly influences the possibility of reusing bauxite 

residue.   

 

To date, no study has investigated the CRM content variability in bauxite residue stored 

within one specific BRDA. Therefore, the objectives of this study were to: (1) characterise 

the physico-chemical, elemental and mineralogical composition of the dominant fraction 

(fine fraction) bauxite residue in storage over a twelve-year period, and to determine if 

there is any variation over the time spent in storage, which could affect possible re-use of 

the bauxite residue (2) create an inventory of economically interesting elements in bauxite 

residue over the storage period, and (3) calculate the financial value of economically 

interesting elements present in the bauxite residue. 

 

3.2 Materials and Methods 

3.2.1 Site Description and Sample Collection 

Bauxite residue was obtained from a European refinery, who operated a separation 

technique to isolate the fine (particle sizes <100 µm) and coarse (particle sizes >150 µm) 

fractions of bauxite residue before disposal (IAI 2015), in an approximate ratio of 9:1 

(fine: coarse).  Bauxite residue was sampled to a depth of 30 cm and the bulk samples 

were stored in 1 L containers, returned to the laboratory, and dried at 105˚C for 24 hr.  

Once dry, the samples were pulverised using a mortar and pestle and sieved to a particle 

size < 2 mm. In this paper, the age of the samples will be described (Table 3.1) relative 

to the sample collection time (2016).   
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Table 3.1 Sample information regarding the year of production for each of the bauxite 

residue samples over a twelve-year period.  The sample code for each bauxite residue 

sample is also included in the table. 

Sample Code Sample Description Year of Disposal 

BR 12 Bauxite Residue 2004 

BR 11 Bauxite Residue 2005 

BR 10 Bauxite Residue 2006 

BR 9 Bauxite Residue 2007 

BR 8 Bauxite Residue 2008 

BR 7 Bauxite Residue 2009 

BR 6 Bauxite Residue 2010 

BR 5 Bauxite Residue 2011 

BR 4 Bauxite Residue 2012 

BR 3 Bauxite Residue 2013 

BR 2 Bauxite Residue 2014 

BR 1 Bauxite Residue 2015 

 

3.2.2 Characterisation Study 

3.2.2.1 Physico-Chemical Composition 

The bauxite residue samples were characterised (n=3) for their physical, chemical, 

elemental and mineralogical properties (Figure 3.1). The pH and electrical conductivity 

(EC) were measured using a 5 g sample in an aqueous extract, using a 1:5 ratio (solid: 

liquid) (Courtney and Harrington, 2010).  The bulk density (ρb) was determined after 

Blake (1965), the effective particle size analysis (PSA) was determined on particle sizes 

< 53 µm using optical laser diffraction on a Malvern Zetasizer 3000HS® (Malvern, 

United Kingdom) with online autotitrator and a Horiba LA-920, and reported at specific 

cumulative % (10, 50 and 90 %).   
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Figure 3.1 Flow chart illustrating the experimental analysis carried out on the bauxite 

residue samples obtained.  Once obtained from the BRDA, the bauxite residue was 

analysed for its main physico-chemical analysis (pH, EC, bulk density, PSA, TGA and 

DSC), mineralogical analysis (XRD and XRF), and elemental analysis (measure using 

ICP-OES following aqua-regia digestion).  Once all data was obtained, statistical 

analysis was carried out using Pearson’s correlation coefficients. 

 

Thermogravimetric analysis (TGA) was carried out to identify any change in mass over 

time with temperature, and change in heat flow over time with temperature was analysed 

using differential scanning calorimetry (DSC).  TGA and DSC were carried performed 

using a Labsys TG (DSC/TGA 1600) in a nitrogen (N) atmosphere at a temperature range 
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of 30 °C to 1000 °C at a heating rate of 10 °C min-1 (Borra et al., 2015).  Due to cost 

limitations, only six samples were analysed (BR12, BR10, BR8, BR6, BR4 and BR2).     

 

3.2.2.2 Mineralogical Composition 

Mineralogical detection was carried out on 1 g powdered samples using X-ray diffraction 

(XRD) on a Philips X’Pert PRO MPD® (California, USA) at 40 kV, 40 mA, 25 °C by Cu 

X-ray tube (Kα-radiation). The patterns were collected in the angular range from 5 to 80 

º (2ɵ) with a step-size of 0.008 º (2ɵ) (Castaldi et al., 2011), whilst surface morphology 

and elemental detection were carried out using scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) on a Hitachi SU-70 (Berkshire, UK). X-ray 

fluorescence (XRF) analysis was carried out onsite at the refinery using a Panalytical 

Axios XRF (Malvern, UK).    

 

3.2.2.3 Elemental Composition 

Chemical analysis of minor elements was performed after aqua regia digestion (HCl: 

HNO3) with a solid to liquid ration of 1:10 in a Multiwave 3000 (Rotor 8XF100) type 

microwave digestion system at 200 °C 1.25 MPa. After digestion, the solutions were 

filtered through 0.45 µm PVDF syringe filters and diluted in 1 M HNO3 for the analysis 

(Ujaczki et al., 2017).  The metal analysis was carried out using an Agilent Technologies 

5100 inductively coupled plasma optical emission spectrometer (ICP-OES). The 

calibration curve was constructed using standard solutions of 100, 50, 10, 5 and 1 g L-1 

multi-element standard (Inorganic Ventures, Ireland) and 5, 2.5, 0.5, 0.25 and 0.05 g L-1 

REE standard (Inorganic Ventures, Ireland). The 1M HNO3 solution was also used for the 

dilutions of the standard solutions and as a calibration blank.  For the ICP-OES analysis, 

the following analytical lines (in nm) were used for the calculations of each of the 

elements: Ce 418.659, 446.021; cobalt (Co) 228.615, 230.786; Dy 353.171; Er 349.910, 

369.265; Eu 397.197, 412.972, 420.504; Ga 294.363; Gd 335.048, 336.224; Ho 339.895, 

345.600, 389.094; indium (In) 230.606, 352.609; La 333.749, 379.477, 408.671; Lu 

261.541, 307.760; molybdenum (Mo) 202.032, 203.846, 204.598; Nd 401.224, 406.108, 

410.945; Pr 390.843, 417.939; Sc 335.372, 361.383, 363.074; Sm 359.259, 360.949; Tb 

350.914,367.636; Tm 313.125, 342.508; Y 360.074, 371.029, 377.433; Yb 289.138, 

328.937, 369.419; V 268.796, 292.401, 311.070 (Bridger and Knowles, 2000). 
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3.2.3 Statistical Analysis 

Pearson’s correlation coefficients were used to determine any relationships between age 

of sample and sample properties (pH, EC, bulk density, particle size, mineralogical 

composition and elemental composition), using IBM SPSS Statistics 24.   

 

3.3 Results 

3.3.1 Physico-Chemical Composition 

The pH of the bauxite residue (Table 3.2) ranged from 10.0 ± 0.1 to 12.0 ± 0.02 over the 

twelve-year period, with the ten-year-old sample (BR10) having the highest value. The 

EC (Table 3.2) of the bauxite residue ranged from 0.4 ± 0.01 to 3.3 ± 0.2 mS cm-1, with 

again, the highest being for BR10.  Small variation in the moisture content (Table 3.2) 

for the each of the bauxite residues was recorded.  The bulk density (Table 3.2) for the 

bauxite residue ranged from 1.2 ± 0.1 to 1.5 ± 0.02 g cm-3.   

 

The bauxite residue had a high composition of fine particles, which ranged from 0.6 ± 

0.01 to 12.7 ± 2.3 µm (Table 3.2).  There was some agglomerate formation evident in all 

samples, as seen in the accumulation of finer particles in the images captured by SEM 

(Figure B1, B2, B3 in Appendix B). The medium value, d50, of the particle size 

distribution for bauxite residues ranged from 2.2 ± 0.1µm (BR1) to 4.3 ± 0.4 µm (BR9). 

Ninety percent of the distribution (d90) was under 12.7 ± 2.7 µm and 10 % (d10) was under 

0.5 ± 0.01 µm (Table 3.2). Iron, Al, sodium (Na), calcium (Ca), titanium (Ti), and silicon 

(Si) were the main elements present in all the bauxite residue samples (Figure B4). TGA 

curves showed weight loss between 300 and 975 °C for all the bauxite residues (Figures 

3.2 and B5).  However, sample BR12 (from 2014) had a larger temperature range over 

which weight loss occurred (between 150 and 975 °C).  
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Table 3.2 Physico-chemical composition of the bauxite residue mud over a twelve-year storage period, inclusive of pH, EC, moisture 

content, bulk density and particle size distribution. 

Sample pH EC  

(mS cm-1) 

Moisture content 

(%) 

Bulk density 

(g cm-3) 

d10 

(µm)a 

d50 

(µm)b 

d90 

(µm)c 

BR 12 11.6 ± 0.02 1.0 ± 0.01 26.8 ± 0.7 1.4 ± 0.04 0.7 ± 0.1 2.6 ± 0.1 7.0 ± 1.2 

BR 11 10.8 ± 0.1 0.4 ± 0.02 28.2 ± 0.7 1.3 ± 0.03 0.9 ± 0.1 3.5 ± 0.5 9.6 ± 0.5 

BR 10 12.0 ± 0.02 3.3 ± 0.2 26.8 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 4.0 ± 0.3 12.3 ± 1.6 

BR 9 10.0 ± 0.1 0.4 ± 0.01 24.3 ± 0.3 1.1 ± 0.1 1.0 ± 0.1 4.3 ± 0.4 12.4 ± 1.0 

BR 8 11.4 ± 0.1 1.0 ± 0.1 27.2 ± 0.3 1.4 ± 0.1 0.8 ± 0.1 2.6 ± 0.1 6.8 ± 0.2 

BR 7 10.4 ± 0.02 0.5 ± 0.01 22.3 ± 0.6 1.4 ± 0.04 0.9 ± 0.2 3.2 ± 0.5 12.7 ± 2.7 

BR 6 10.7 ± 0.03 0.5 ± 0.03 25.8 ± 1.0 1.3 ± 0.04 0.7 ± 0.1 2.6 ± 0.01 6.7 ± 0.2 

BR 5 10.3 ± 0.1 0.4 ± 0.03 22.0 ± 0.5 1.2 ± 0.1 0.6 ± 0.01 2.4 ± 0.04 7.9 ± 1.1 

BR 4 11.5 ± 0.1 0.9 ± 0.02 31.1 ± 0.5 1.3 ± 0.1 1.2 ± 0.1 3.8 ± 0.6 12.70 ± 2.3 

BR 3 10.6 ± 0.02 0.5 ± 0.01 23.8 ± 0.3 1.3 ± 0.03 0.8 ± 0.2 2.6 ± 0.3 8.3 ± 1.6 

BR 2 11.2 ± 0.01 0.9 ± 0.02 28.1 ± 1.9 1.3 ± 0.1 1.1 ± 0.02 3.2 ± 0.02 9.7 ± 0.9 

BR 1 10.3 ± 0.1 0.7 ± 0.03 25.0 ± 2.7 1.5 ± 0.02 0.5 ± 0.01 2.2 ± 0.1 6.7 ± 0.6 

ad10 (µm) = the size of particles at 10% of the total particle distribution. 

bd50 (µm) = the median; the size of particles at 50% of the total particle distribution.  

cd90 (µm) = the size of particles at 90% of the total particle distribution. 
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Figure 3.2 TGA (descending) / DSC (ascending) curve obtained for bauxite residue (a) BR12 (2004) and (b) BR2 (2014).  Remaining 

TGA / DSC graphs found in Figure B5 in Appendix B.  The TGA curves showed weight loss between 300 and 975 °C for all the bauxite 

residues examined. 
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3.3.2 Mineralogical Composition 

The main mineralogical composition of the bauxite residue detected by XRD included 

haematite (Fe2O3), goethite (FeO(OH)), perovskite (CaTiO3), rutile (TiO2), gibbsite 

Al(OH)3, sodalite (Na8(Al6Si6O24)Cl2) and cancrinite (Na6Ca2(CO3)) (Figure B6 and B7).  

Sample BR9 had an extra rutile peak at position 27.459 °2ϴ and no sodalite peak at 

position 14 °2ϴ; samples BR1 to BR6 had similar patterns, but with less intense peaks 

and sodalite peaks at position 14 °2ϴ (Figure B6).  Sample BR1 had one peak of boehmite 

(AlO(OH)) at position 13.9 °2ϴ and gibbsite at position 18.5 °2ϴ  (Figure B6).  Sample 

BR1 also had an unidentified peak at position 47 °2ϴ (Figure B6). 

 

XRF analysis carried out on the bauxite residue samples (Table 3.3) reflected the main 

mineralogical composition detected by XRD analysis.  The dominant oxides found were 

Fe2O (ranging from 40.1 ± 1.40 to 47.5 ± 2.0 %) and Al2O3 (14.8 ± 1.5 to 17.8 ± 0.73 %).  

SiO2 (7.20 ± 1.0 to 10.9 ± 0.47 %), TiO2 (8.62 ± 0.71 to 10.3 ± 0.95 %) and CaO (5.70 ± 

0.66 to 6.1 ± 1.0%) were also present (Table 3.3). 

 

Table 3.3 Main mineralogical composition (%) of the bauxite residue samples taken 

from the BRDA ranging from one to eleven* years old, as determined by XRF. 

Code                  

 

Al2O3 

 

 

Fe2O 

 

SiO2 

 

TiO2 

 

CaO 

BR 11 17.0±0.61 42.0±1.20 9.82±0.32 9.41±0.34 6.03±0.79 

BR 10 17.1±0.4 41.5±0.96 10.2±0.56 9.52±0.6 6.03±0.49 

BR 9 17.8±0.73 40.1±1.40 10.9±0.47 8.97±0.51 6.04±0.4 

BR 8 16.8±0.58 41.8±1.40 9.89±0.39 9.41±0.61 5.97±0.49 

BR 7 14.8±1.5 47.5±2.0 7.20±1.0 10.3±0.95 6.1±1.0 

BR 6 16.2±0.54 45.9±2.10 8.0±0.57 9.54±0.78 5.70±0.66 

BR 5 16.2±0.66 44.4±1.30 9.35±0.60 8.62±0.71 5.75±0.53 

BR 4 16.5±0.65 43.3±1.20 9.38±0.53 8.91±0.53 6.21±0.35 

BR 3 15.8±0.45 44.3±1.90 8.85±0.47 9.18±0.62 6.34±0.35 

BR 2 16.0±0.71 46.6±1.80 8.95±0.70 8.21±0.38 5.0±0.40 

BR 1 16.2±0.6 46.8±1.61 8.76±0.48 8.33±0.56 4.69±0.43 

*XRF data was not obtained from the alumina refinery for the twelve-year-old sample, BR12. 
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3.3.3 Elements of Economic Importance in Bauxite Residue 

An extensive inventory of CRMs and further elements of economic importance were 

developed using microwave-assisted aqua regia digestion, with subsequent ICP-OES 

analysis (Table 3.4).  Overall, no trend was noted in the elemental content between the 

oldest and newest bauxite residue in the BRDA.  However, In, Mo, Ce, Nd, Dy and Er 

were present in smaller amounts in the oldest samples compared to the fresh sample. 

Terbium (Tb), Tm and Ho were not detected in the bauxite residue.     
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Table 3.4 CRM composition (in mg kg-1) of the eleven* bauxite residue samples, taken from the BRDA, as detected on ICP-OES following 

aqua regia digestion. 

Element BR 12 BR 11 BR 10 BR 9 BR 8 BR 7 BR 6 BR 5 BR 4 BR 3 BR 2 

Dy 3.6 ± 0.02 5.4 ± 0.01 7.19 ± 0.01 5.39 ± 0.001 5.4 ± 0.04 5.39 ± 0.01 5.4 ± 0.01 5.38 ± 0.02 4.51 ± 1.3 7.2 ± 0.002 5.4 ± 0.02 

Er 4.8 ± 0.5 5.4  ± 0.01 5.7 ± 0.5 4.94 ± 0.6 5.4 ± 0.04 5.39 ± 0.01 4.49 ± 0.01 5.38 ± 0.01 4.05± 0.6 5.4 ± 0.001 5.4 ± 0.02 

Lu 8.39 ± 0.5 7.8 ± 0.5 8.09 ± 0.01 7.49 ± 0.5 8.1 ± 0.05 7.63 ± 0.6 8.1 ± 0.02 8.37 ± 0.5 7.66±0.7 8.1 ± 0.002 8.09 ± 0.03 

Y 35.6 ± 3.2 39.8 ± 1.2 44.4 ± 1.5 41.9 ± 1.5 42 ± 0.4 39.5 ± 0.04 33.4 ± 0.4 41 ± 2.0 36.9± 1.4 47.4 ± 1.2 39.3 ± 0.5 

Yb 8.39 ± 0.6 8.8 ± 0.3 9.39 ± 0.3 8.79 ± 0.7 9.4 ± 0.3 8.68 ± 0.4 8.2 ± 0.4 8.97 ± 0.9 8.11± 0.4 9.6 ± 0.002 8.71 ± 0.4 

Ce 126 ± 10.1 126 ± 3.5 156 ± 2.2 136 ± 7.6 157 ± 2.2 128 ± 3.3 146 ± 6.7 200 ± 8.4 102± 3.5 147 ± 4.2 139 ± 6.8 

Eu 2.40 ± 0.01 2.40 ± 0.01 2.40 ± 0.005 2.40 ± 0.01 2.40 ± 0.02 2.39 ± 0.003 2.40 ± 0.01 3.59 ± 0.01 2.40± 0.01 2.40 ± 0.001 2.40 ± 0.005 

Gd 6.75 ± 0.6 6.60 ± 0.5 7.64 ± 0.6 7.63 ± 0.6 9.30 ± 0.6 7.18 ± 1.3 6.75 ± 0.6 8.98 ± 0.02 5.41± 0.02 9 ± 0.002 6.73 ± 0.6 

La 91.3 ± 8.6 88.2 ± 3.2 108 ± 2.3 94.1 ± 2.7 106.4 ±1.0 89.2 ± 0.9 104 ± 3.5 134 ± 4.4 68.8± 4.0 98.2 ± 2.1 91± 2.4 

Nd 80.1 ± 7.4 77.2 ± 5.3 93.9 ± 6.5 84.7 ± 1.3 98 ± 5.3 85.6 ± 8.6 88.9 ± 8.6 118 ± 4.4 64.6± 4.0 93 ± 2.2 94.3 ± 11.3 

Pr 41.1 ± 3.5 42.9 ± 4.2 47.7 ± 3.3 42.5 ± 3.1 50.1 ± 1.6 40.8 ± 1.9 45 ± 2.7 56.2 ± 5.3 34.7± 3.3 45 ± 0.9 42.3 ± 1.1 

Sc 50.2 ± 4.1 50.4 ± 1.6 60.2 ± 2.2 56.1 ± 2.7 54.2 ± 0.9 55.7 ± 1.3 45.4 ± 0.2 56 ± 4.2 42.9± 2.3 49 ± 1.3 45.6 ± 4.3 

Sm 19.3 ± 0.7 20.7 ± 1.8 21 ± 2.2 21.6 ± 0.9 21.6 ± 0.8 18.4 ± 1.9 21.6 ± 0.9 25.1 ± 0.05 18± 1.2 21 ± 1.0 20.3 ± 2.0 
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Co 8.69 ± 0.5 7.64 ± 0.6 7.79 ± 0.5 6.73 ± 0.6 8.10 ± 0.05 7.63 ± 0.6 6.6 ± 0.5 8.67 ± 0.5 7.21 ± 0.02 8.4 ± 0.5 7.49 ± 0.6 

Ga 107 ± 8.5 112 ± 2.3 102 ± 0.7 114 ± 5.2 98.6 ± 0.2 113 ± 3.8 106 ± 2.7 114 ± 5.1 99.5 ± 1.8 114 ± 1.9 94.4 ± 2.7 

In 30.1 ± 1.8 34.6 ± 0.7 31.5 ± 1.5 32.1 ± 2.7 36.9 ± 0.9 30.5 ± 1.3 29.2 ± 2 33.6 ± 0.7 28.4 ± 0.7 34.5 ± 7.2 36.4 ± 4.3 

Mo 3.14 ± 0.6 4.49 ± 0.01 4.04 ± 0.6 4.95 ± 0.6 4.48 ±0.004 4.95 ± 0.6 4.49 ± 0.01 4.48 ± 0.01 4.94 ± 1.9 4.8 ± 0.5 4.48± 0.01 

V 593 ± 60.6 419 ± 8.2 596 ± 19.8 439 ± 41.1 491 ± 20.3 445 ± 41.2 484 ± 48.2 600 ± 24.3 401 ± 41.2 571 ± 13.3 573 ± 41.1 

*The CRM composition was not determined for the fresh sample of bauxite residue, BR1. 
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3.4 Discussion 

3.4.1 Characterisation of Bauxite Residue  

Bauxite residue typically has a pH >10 (Goloran et al., 2013) and an EC ranging from 1.4 

to 28.4 mS cm-1 (Gräfe et al., 2011).  The high pH is attributed to the presence of alkaline 

anions such as hydroxides (OH-), carbonate or bicarbonates (CO3
2- / HCO3

-), aluminates 

or aluminium hydroxides (Al(OH)4
- / Al(OH)3), and di/trihydrogen orthosilicates 

(H2SiO4
2- / H3SiO4

-) introduced and formed during the Bayer process (Gräfe et al., 2011).  

At the end of the Bayer process, prior to disposal, residue undergoes a repeated washing 

stage.  However, the bauxite residue remains highly alkaline due to the alkalinity being 

in the form of slow dissolving solid phases (Gräfe et al., 2011).   

 

Depending on the refinery and the advances in residue management steps employed, the 

pH may be further reduced through practices such as atmospheric carbonation (mud 

farming) (Clohessy 2015; Evans 2016), seawater disposal (Menzies et al., 2009), 

application of spent acid (Kirwan et al., 2013), phosphogypsum (Xue et al., 2018), or by 

the addition of an acidic gas such as CO2 or SO2 (Xue et al., 2016). Consequently, surface 

pH values for residues may vary between refineries and within BRDAs.  

 

The bauxite residue examined in this study showed variation in terms of both the pH and 

the EC (p < 0.01) (Table 3.2).  Whilst the pH and EC did decrease across all the bauxite 

residue samples examined in this study (Table 3.2), this was attributed to different causes. 

The reduced pH value of the fresh bauxite residue examined (BR1) in this study (Table 

3.2) is as a result of the atmospheric carbonation technique, mud farming, which can 

effectively decrease alkalinity (Clohessy 2015; McMahon 2017).  This helps in removing 

the alkalinity limitation/barrier to the reutilisation of the bauxite residue (Evans 2016) 

and has been shown to successfully decrease the pH of fresh bauxite residue (~ 13.5) to 

below < 11.5 within seven days (Clohessy 2015).  The mud farming technique sequesters 

CO2 from the atmosphere, allowing for the accelerated carbonation of the bauxite residue 

(IAI 2015; Evans 2016). Due to this process, the free OH- present in the bauxite residue 

is neutralised due to the carbonation of the CO2 present in the surrounding atmosphere 

(air), resulting in the formation of carbonates, therefore creating a buffering effect, which 

results in a drop in pH (Han et al., 2017).   
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Natural weathering processes may play an important role in the improvement of the 

physico-chemical composition of bauxite residue in storage (Zhu et al., 2018).  The 

reduction observed in the pH of the older samples (Table 3.2) is as a result of the natural 

ageing and weathering of the bauxite residue in storage.  Evidence of the natural 

weathering decreasing the pH was shown by Khaitan et al., (2010), who reported a pH of 

10.5 for 14-year-old bauxite residue and 9.5 for 35-year-old bauxite residue, with the 

decreases attributed to the slow carbonation from atmospheric CO2.  Zhu et al., (2016a,b) 

also measured a decrease in residue pH from 10.98 to 9.45 in stored bauxite residue 

exposed to natural weathering processes.  Similar to pH, EC usually decreases with time 

in the storage area due to weathering (Zhu et al., 2016a,b; Kong et al., 2017a).  Rainfall 

events allow the soluble alkaline minerals such as sodalite and calcite, which result in a 

buffering effect for both pH and salinity (EC) (Santini and Fey, 2013).  

 

The thermal analysis (TGA/DSC) indicated an overall weight loss occurring between 300 

and 975 °C for all the bauxite residue samples examined.  Previous work has shown 

weight loss between temperature ranges of 300 and 600 °C (attributed to the 

decomposition of hydroxides in different stages), 300 and 400 °C (as a result of the 

decomposition of diaspora), and between 600 and 800 °C (due to the decomposition of 

calcium carbonate) (Agatzini-Leonardou et al., 2008), all dominant minerals in bauxite 

residue.  There were numerous endothermic peaks observed on the DSC curve for the six 

samples examined, particularly in the region above 800°C.  Endothermic peaks above this 

temperature are indicative of the decomposition of sodalite phases and also the 

decomposition of quartz, which occurs between 550 to 1000°C (Atasoy 2005).  Small 

endothermic peaks throughout the DSC curve may be attributed to loss of physically held 

water (Atasoy, 2005), which was notable in all the bauxite residue samples examined. 

   

The mineralogical composition of bauxite residue typically comprises Al2O3 and Fe2O3 

in the range of 20 to 45 % and 10 to 22 %, respectively (IAI 2015).  This composition is 

reflected in the XRF and XRD analysis, which showed the dominant presence of Fe2O3, 

FeO(OH), and Al(OH)3. CaTiO3, AlO(OH) and TiO2 were also detected in all samples, 

which is common amongst bauxite residue (Gräfe et al., 2011).  Sodalite 

(Na8(Al6Si6O24)Cl2) was also present in the bauxite residue, and is one of the most 

common desilication products formed during the pre-desilication stage during the Bayer 
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process, along with CaTiO3 which is often found as a result of the lime added (Gräfe et 

al., 2011). 

 

3.4.2 Economic Value of Bauxite and Potential for Re-use 

In recent years, several studies have been conducted to investigate the potential use of 

industrial residues such as phosphogypsum, mine tailings, slags and bauxite residue as a 

possible source for CRMs and REEs (Binnemans et al., 2015).  Currently, the global 

production rate of REEs, which is typically expressed in tons of rare earth oxides (REOs) 

is 130,000 to 140,000 tons, of which 95% is produced in China (Binnemans et al., 2018).  

Five of the REEs (Nd, Eu, Tb, Dy, Y) are now described as being of a high supply risk 

within Europe, Japan and the USA (Binnemans et al., 2018).  Such CRMs and REEs are 

necessary for the production of magnets, lighting, lasers, batteries, catalysts, and alloys 

in aerospace (Weng et al., 2015).   

 

While this study did show differences in the bauxite residue over the twelve-year period, 

in terms of decreased pH and EC, there were no significant changes in the CRM content 

of the bauxite residue (Table 3.4).  This indicates that some BRDAs may be a potential 

resource for the reprocessing and recovery of CRMs and REEs.  However, this is not 

certain for all BRDAs, as variation can and does occur within BRDAs and refineries due 

to differences in bauxite ore type, parameters used within the Bayer Process, as well as 

varying disposal and neutralisation techniques.   

 

The Sc, Ga and V content of the bauxite residue in the current study are of particular 

interest, due to their high economic value (Table 3.5) and supply risk. Scandium, a trace 

constituent of igneous rocks (European Commission, 2017), is used in the production of 

aluminium alloys (Ricketts and Duyvesteyn 2018), and V, present in minor amounts in 

the Earth’s crust and seawater and the majority of which is sourced as a by-product of the 

steel industry (European Commission, 2017), is used in electrodes (Morel et al., 2016).  

Gallium is primarily sourced from bauxite ore and bauxite residue, as it found naturally 

as a trace element dispersed in minerals, which also includes coal (Qin et al., 2015), and 

is used in the production of catalysts (Qin and Schneider 2016).  The Sc in this study 

(Table 3.4) was lower than values found in fresh Hungarian (Ujaczki et al., 2017), Greek 

(Borra et al., 2015), Russian (Petrakova et al., 2015) and Australian (Wang et al., 2013) 

bauxite residues.  However, the Ga content (Table 3.4) was higher than that found by 
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Ujaczki et al., (2017) in Hungarian bauxite residue, as well as in Australian (Wang et al., 

2013), Indian (Mohapatra et al., 2012) and Turkish (Abdulvaliyev et al., 2015) bauxite 

residues.  Finally, the V content was present in higher amounts compared to Hungarian 

(Ujaczki et al., 2017), Indian (Mohapatra et al., 2012) and Turkish (Abdulvaliyev et al., 

2015) bauxite residues.  This is indicative of the variation of CRM content in residues 

between refineries.   

 

In addition to Sc, Ga and V, there is now a focus on further valuable element extraction 

(Jowitt et al., 2018) and recovery of REE due to the overproduction of REEs such as La 

and Ce, which is leading to an imbalance in the supply of REEs produced and a demand 

for Nd and Dy (Binnemans and Jones 2015; Binnemans et al., 2018), both of which were 

found in the bauxite residue in this study.  

 

The typical methods of CRM recovery from bauxite residue include direct leaching using 

mineral acids such as HNO3, sulphuric acid (H2SO4) or hydrochloric acid (HCl), or 

leaching following pyrometallurgical applications such as roasting (Ujaczki et al., 2018).  

Although there are high recovery rates of CRMs from bauxite residue reported 

(Abdulvaliyev et al., 2015; Borra et al., 2015), so too are the associated costs for acids 

and energy required in these processes, which questions the justification of extracting 

CRMs from by-products such as bauxite residue.  Recent studies have also highlighted 

the need to develop new technologies to optimise the efficiency of CRM recovery from 

bauxite residue to ensure cost-effectiveness (Gomes et al., 2016; Akcil et al., 2017).  

Ujaczki et al., (2018) in their review on the re-use of bauxite residue as a source of CRMs, 

highlighted the extent of the benefits following CRM recovery from a wider perspective 

in terms of the technological (development of more efficient technologies), social (such 

as improvements to health), economic (mainly reduction in refinery disposal costs), and 

environmental factors such as reduced emissions and loss of habitable land.          
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Table 3.5 Associated financial value of economically interesting elements in the 

bauxite residue (average over a twelve-year period, n = 11). 

Element 

Average aqua 

regia extracted 

content 

(mg kg-1) 

Price* 

(US $ t-1) 

Economic value of 

the bauxite residue in 

this study*** 

(US $ t-1) 

Ga 107±7.3 400,000 42.73 

Sc 51.4±5.4 4,600,000 236.44 

In 32.5±2.9 240,000 7.81 

V 510±77.8 6,889 3.51 

Nd 89.0±13.6 39,500 3.51 

Dy 5.48±1.0 184,500 1.01 

Pr 44.4±5.6 5,500** 0.24 

Y 40.1±3.9 35,500 1.42 

Ce 142±24.9 2,000 0.28 

Sm 20.8±1.9 12,500** 0.26 

Co 7.72±0.7 26,444 0.20 

La 97.5±16.3 2,000 0.19 

Eu 2.51±0.4 66,000 0.16 

Yb 8.82±0.5 5,500** 0.04 

Lu 7.99±0.3 5,500** 0.04 

Gd 7.45±1.2 5,500** 0.04 

Mo 4.48±0.5 14,500 0.06 

Er 5.12±0.5 5,500** 0.03 

    

*Values from USGS (2016) 

**Average value for mischmetals of REE/expected higher individual prices 

*** Economic value of the bauxite residue in this study, determined using current price (US $ t-1) multiplied 

by the average content in the bauxite residue studied. 

 

 

 



79 
 

3.4.3 The Findings of this Study From an Industrial Perspective on Potential Re-use 

of Bauxite Residue 

This study found that there was very little variation in the CRM content of bauxite residue 

in a BRDA over a twelve-year period. This shows promise for the potential re-use of 

bauxite residue as a secondary source of CRMs.  Finding a suitable and long-term use for 

bauxite residue may be hampered by several barriers and limitations (Klauber et al., 2011; 

Evans 2016), such as high alkalinity and salinity which were shown by this study to be 

reduced by weathering and mud farming.  However, limitations to the re-use of bauxite 

residue may be overcome through management strategies involving its partial 

neutralisation and increased solids content (Klauber et al., 2011).   

 

3.5 Conclusions 

This study showed that there was a reduction in both the pH and the EC (p <0.01) of 

bauxite residue in a BRDA over a twelve-year period.  There was little variation in the 

CRM content of the bauxite residue sampled.  The CRMs of particular interest were V, 

Ga and Sc due their potential supply risk and associated economic value.  The V, Ga and 

Sc content of the bauxite residue samples were 510 ± 77.8, 107 ± 7.3 and 51.4 ± 5.4 mg 

kg-1, respectively, giving current economic values of 3.51, 42.73 and 236.44 US $ t-1.  

From a European and global context, this highlights a potential resource for CRMs in the 

event of a scarcity of these materials.  However, the general composition and CRM 

content of bauxite residue varies greatly due to the bauxite ore and parameters used in the 

Bayer Process, as well as the disposal and neutralisation methods implemented by 

refineries.  Depending on the history of the refinery and BRDA, there may be little 

variation over time, making BRDAs possible sources for the extraction of CRMs.  There 

are currently high-costs associated with the extraction of CRMs from bauxite residue due 

to the large amount of reagent and/or energy required in the process, before purifying the 

CRMs recovered for re-use.  However, these need to be set against the overall benefits of 

recovering CRMs in terms of the environmental, economic and social factors.  Further 

research is necessary to investigate the cost and environmental implications and 

limitations of extraction of CRMs from BRDAs, as opposed to conventional extraction 

techniques from mines, in terms of emissions produced, machinery required, fuel needed 

and human resources required.        
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Chapter 4  

 

 

Enhancement of Bauxite Residue as a Low-cost Adsorbent for 

Phosphorus in Aqueous Solution, using Seawater and Gypsum 

Treatments. 

 

Overview 

The aim of this chapter was to investigate the adsorption capacity of various fractions of 

bauxite residue in the removal of phosphorus (P) from synthetic P solutions.  This study 

also involved the application and assessment of seawater and gypsum treatments to assess 

their impact on the P adsorption capacity of the bauxite residue. 

 

This study has been published in Journal of Cleaner Production (Cusack, P.B., Healy, 

M.G., Ryan, P.C., Burke, I.T., O' Donoghue, L.M., Ujaczki, É. and Courtney, R., 2018. 

Enhancement of bauxite residue as a low-cost adsorbent for phosphorus in aqueous 

solution, using seawater and gypsum treatments. Journal of Cleaner Production, 179, 

pp.217-224.  DOI Link: https://doi.org/10.1016/j.jclepro.2018.01.092).   Patricia B. 

Cusack carried out all the experimental analysis and is the primary author of this 

publication.  Dr. Ronan Courtney and Dr. Mark G. Healy contributed to the experimental 

design and set-up and were also the main contributors to editing of this manuscript, with 

inputs also from Dr. Paraic Ryan who carried out the statistical analysis on the data 

obtained from the study.  Dr. Ian T. Burke carried out the XRF analysis on all samples.  

Dr. Éva Ujaczki and Dr. Lisa M. O’ Donoghue were also listed as authors on this 

publication as this study was part of the overall Alsource project.  The published paper is 

included in Appendix A.     

 

4.1 Introduction  

During the extraction of alumina from bauxite ore using the Bayer process, a by-product 

called bauxite residue (red mud) (Kirwan et al., 2013; Liu et al., 2014) is produced.  The 

global inventory for bauxite residue is approximately 3 billion tonnes, with an estimated 

https://doi.org/10.1016/j.jclepro.2018.01.092
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annual production rate of 150 million tonnes (Evans, 2016; Mayes et al., 2016).  Bauxite 

residue is highly alkaline (pH >10) (Goloran et al., 2013), with a high salinity and sodicity 

(Gräfe et al., 2009).  Current best practice within this industry includes careful planning 

and management of highly engineered bauxite residue disposal areas (BRDAs), avoiding 

contamination of the surrounding environment (Prajapati et al., 2016).  In addition, some 

refineries use neutralisation techniques for the bauxite residue before disposal into the 

BRDAs (Klauber et al., 2011; IAI, 2015; Evans 2016).  These techniques include (1) 

direct carbonation, whereby the residue slurry is treated with either carbon dioxide, sulfur 

dioxide gas, or undergoes intensive mud farming using amphirollers (atmospheric 

carbonation) (Cooling, 2007; Fois et al., 2007; Dilmore et al., 2009; Evans, 2016) (2) 

addition of spent acids and/or gypsum (CaSO4.2H2O) (Kirwan et al., 2013), or (3) reaction 

of residues with seawater (Hanahan et al., 2004; Palmer and Frost, 2009; Couperthwaite 

et al., 2014).  

 

Bauxite residues typically comprise very fine particles, ranging from 0.01 µm to 200 µm 

(Pradhan et al., 1996). Depending on the type of bauxite ore used, in some refineries the 

bauxite residue undergoes a separation technique during processing (Evans, 2016), which 

allows it to be separated into two main fractions: a fine fraction with a particle size <100 

µm and a coarse fraction with a particle size >150 µm (Eastham et al., 2006; Jones et al., 

2012).  The coarse fraction mainly consists of quartz (SiO2), whereas the fine fraction is 

dominated by iron (Fe) oxides (Snars and Gilkes, 2009). The ratio of the fine to coarse 

fraction produced is dependent on the bauxite ore used and the Bayer process employed 

(Li, 2001). Refineries which carry out the separation technique, have found use for the 

coarse fraction to create roadways to the BRDA and/or storage embankments (Evans, 

2016).  However, finding appropriate options for the re-use of the fine fraction bauxite 

residue remains elusive (Power et al., 2011; IAI, 2015).   

 

Fine fraction bauxite residue comprises Fe oxides (20-45%) and aluminium (Al) oxides 

(10-22%) (IAI 2015), which make it suitable as a medium to adsorb phosphorus (P). The 

European Commission (EC) has identified waste management as an important aspect of 

the “circular economy” (EC, 2015), so in recent years, emphasis has been placed on 

investigating alternative methods of P recovery from wastewater (Grace et al., 2015, 

2016).  A move from the more conventional methods of P recovery such as biological 

removal and chemical precipitation (Wang et al., 2008), to the use of low-cost adsorbents 



91 
 

from industrial solid wastes, such as bauxite residue, have been examined.  In comparison 

to standard P removal by sand, bauxite residue has a high P retention capacity (Vohla et 

al., 2007).  However, its P removal potential is enhanced following treatment by heat, 

acid or gypsum (Table 4.1). Of the methods employed, acid and heat treatment have 

proved most successful in increasing the P adsorption capacity of the bauxite residue, 

with maximum adsorption capacities of up to 203 mg P g-1 bauxite being achieved (Liu 

et al., 2007) compared to untreated residue (0.20 mg P g-1; Grace et al., 2015) (Table 4.1). 

However, whilst acid and heat treatments have proven to be very successful in increasing 

the adsorption capacity of bauxite residue, they are expensive, energy consuming (using 

high temperatures up to 700˚C) (Xue et al., 2016), and, without further treatment, do not 

allow for the easy re-use of the bauxite residue (e.g. as a possible media for plant growth) 

(Xue et al., 2016).   

 

Treatments such as seawater or gypsum provide relatively inexpensive, alternative 

treatments, which may not only enhance the P adsorption capacity of the bauxite residue 

media, but may also help to improve its physicochemical characteristics. Seawater 

treatment improves bauxite’s physical structure, due to the addition of magnesium (Mg) 

and calcium (Ca) which behave as flocculating agents, allowing many of the fine particles 

in bauxite residue to form more stable aggregates (Jones and Haynes, 2011), and a partial 

decrease in sodium (Na) due to ion exchange with Mg, Ca and potassium (K) (Hanahan 

et al., 2004). Seawater-treated bauxite residues also allow adsorbed P to become bio-

available, unlike the metal cations which are unavailable, highlighting the P and metal 

retention capabilities (Fergusson, 2009).  Revegetation of bauxite residue using gypsum 

has also improved plant growth by reducing its alkalinity and salinity, and improving the 

structure of the residue (Courtney et al., 2009; Courtney and Kirwan, 2012).  In addition 

to this, modern alumina refineries are often located close to deep water ports, to allow for 

the bulk shipment of incoming bauxite (sometimes from multiple sources) to the refinery 

and/or for bulk shipment of alumina to aluminium smelters situated elsewhere. Therefore, 

there is ample scope for the increasing use of seawater neutralization technology for pre-

treatment of residues in refineries not already employing treatments previously 

mentioned, prior to their deposition in the BRDA.  
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Table 4.1 Phosphorus (P) adsorption studies that have been carried out using bauxite residues, untreated 

and treated residues, and their recovery efficiencies. 

 P recovery 

technique 

Factors 

investigated  

Type of 

water 

Initial P 

concentration 

of the water 

P 

recovered 

Reference 

Untreated 

bauxite 

residue 

 

Batch 

adsorption 

experiment 

Kinetics, pH 

and 

temperature 

 

Synthetic 

water 

5-100 mg P L-1 0.2 mg P 

g-1 

 

Grace et al., 

2015 

 

Gypsum 

Treated 

 

Batch 

adsorption 

experiment 

Contact time 

(3, 6, 24, 

48hr) 

 

Synthetic 

water 

 

20-400 mg P 

L-1 

 

7.0 mg P 

g-1 

Lopez et al., 

1998 

Brine treated 

bauxite 

residue 

(Bauxsol™*) 

 

Batch 

adsorption 

experiment 

 

pH, ionic 

strength, time 

Synthetic 

water  

0.5-2 mg P L-1 6.5-14.9 

mg P g-1 

Akhurst et 

al., 2006 

Acid and 

brine treated 

bauxite 

residue 

(Bauxsol™*) 

 

Batch 

adsorption 

experiment 

 

Kinetics and 

isotherms 

 

 

Synthetic 

water 

 

200 mg P L-1 

 

 

55.7 mg P 

g-1 

 

 

Ye et al., 

2014 

 

Heat treated 

bauxite 

residue 

 

Acid and heat 

treated 

bauxite 

residue  

 

Batch 

adsorption 

experiment 

 

Batch 

adsorption 

experiment 

Time, pH and 

initial 

concentration 

 

Time, pH and 

initial 

concentration 

Synthetic 

water 

 

 

Synthetic 

water  

155 mg P L-1 

 

 

 

155 mg P L-1 

 

155.2 mg 

P g-1 

 

 

202.9 mg 

P g-1 

Liu et al., 

2007 

 

 

Liu et al., 

2007 

 

Acid treated 

bauxite 

residue  

Batch 

adsorption 

experiment  

Acid type, pH  Synthetic 

water  

1 mg P L-1  1.1 mg P 

g-1  

Huang et al., 

2008 

*Bauxsol™ = neutralised bauxite residue produced using the Basecon™ procedure, which uses brines high 

in Ca2+ and Mg2+ (McConchie et al. 2001). 

 

To the best of the authors’ knowledge, no study has previously compared the use of raw 

seawater or gypsum treatments on the separate fractions of bauxite residue as a method 
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of neutralisation and preparation for the re-use of bauxite residue in its separated and 

unseparated fractions as low-cost adsorbents and a potential source of P.  The objectives 

of this study were to (1) characterise bauxite residue from two different sources, before 

and after treatment with seawater and gypsum, and to investigate their potential to release 

trace elements (2) investigate the effect of the treated bauxite residue on P adsorption (3) 

assess the impact of particle size, mineral and elemental (particularly Ca and Mg) 

composition of the bauxite residue on the adsorption of P.   

  

4.2 Materials and Methods 

4.2.1 Sample Preparation 

A one kilogram, sample of fresh bauxite residue was obtained from Alteo Gardanne 

[Gardanne, France (43˚27’9”N, 5˚27’41” E)], who operate a co-disposal method (do not 

separate the bauxite residue into its separate fractions, i.e. fine and coarse fractions of 

bauxite).  This sample will be referred to hereafter as UFR.  One kilogram of mud-farmed 

bauxite residue samples (treated by atmospheric carbonation and therefore non-

hazardous), were also obtained from Rusal Aughinish Alumina [Limerick, Ireland 

(52˚37’06”N, 9˚04’19”W)], who separate the fine (particle sizes <100 µm) and coarse 

(particle sizes >150 µm) fraction of bauxite residue before disposal (IAI 2015) in a ratio 

of 9:1 (fine: coarse).  The fine and coarse fractions will be referred to hereafter as UF 

(untreated fine) and UC (untreated coarse).  

 

Before any analysis or experiments were conducted, all bauxite residue samples were 

dried at 105˚C for 24 hr.  Once dry, the samples were pulverised using a mortar and pestle 

and sieved to a particle size <2 mm. 0.3 kg of each sample were then treated with either 

seawater (S) or laboratory-grade gypsum (G) (Lennox, Ireland), so two treatments were 

applied to each source of bauxite residue. S or G, placed after the above abbreviations, 

indicates the treatment applied.  Gypsum was applied to the 0.3 kg bauxite residue 

samples at a ratio of 8% (w/w) (Lopez et al., 1998) and leached for 72 hr in accordance 

with standard methods (BSI, 2002).  Seawater amendment involved mixing with 0.3 kg 

bauxite at a ratio of 5:1 (v/w) (after Johnston et al., 2010), for 1 hr, followed by a 12 hr 

settlement period overnight.  The bauxite residue and seawater mixture was then filtered 

through a 0.45 µm membrane using a vacuum pump.  The treated bauxite residue samples 

were then oven dried for 24 hr, pulverised with a mortar and pestle, and sieved to <2 mm 

in size.   
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4.2.2 Characterisation Study 

Untreated and treated bauxite samples were characterised (n=3) for their physical, 

chemical, elemental and mineralogical properties. Soil pH and electrical conductivity 

(EC) were measured in an aqueous extract, using 5 g of bauxite residue sample in a 1:5 

ratio (solid: liquid) (Courtney and Harrington, 2010).  The bulk density (ρb) was 

determined after Blake (1965) and the particle density (ρp) after Blake and Hartge (1986) 

using 10 g of bauxite residue samples.  Total pore space (St) was calculated using the 

values obtained for the bulk and particle densities (Danielson and Sutherland, 1986). The 

effective particle size analysis (PSA) was determined on particle sizes <53 µm using 

optical laser diffraction on the Malvern Zetasizer 3000HS® (Malvern, United Kingdom) 

with online autotitrator and a Horiba LA-920, and reported at specific cumulative % (10, 

50 and 90%).  Mineralogical detection was carried out using X-ray diffraction (XRD) on 

1 g samples using a Philips X’Pert PRO MPD® (California, USA), whilst surface 

morphology and elemental detection were carried out using scanning electron microscopy 

(SEM) and energy-dispersive X-ray spectroscopy (EDS) on a Hitachi SU-70 (Berkshire, 

UK), using approximately 1 g samples.  Quantification of the elemental content was 

carried out on 1 g samples by Brookside Laboratories (OH, USA) after digestion (EPA, 

1996) using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and 

elemental composition quantified using X-ray fluorescence (XRF).  Measurement of the 

point of zero charge (PZCpH) was after Vakros et al., (2002) using 1 g samples, and cation 

exchange capacity (CEC) was determined using the K saturation technique (Thomas, 

1982), using 5 g samples.  Brunauer-Emmett-Teller specific surface area (SSA) and pore 

volume analysis were conducted on 1 g samples, which were degassed at 120ºC for 3 hr 

prior to analysis carried out by Glantreo Laboratories (Cork, Ireland). 

 

4.2.3 Phosphorus Adsorption Batch Study  

The P adsorption capacity of nine bauxite samples (untreated and gypsum/seawater 

treated samples) were examined in a bench-scale experiment. To conduct a P adsorption 

isotherm test, ortho-phosphorus (PO4
3--P) solutions were made up to known 

concentrations using potassium dihydrogen phosphate (K2HPO4) in distilled water. One 

gram of each of the sieved media was placed into a series of 50 ml-capacity containers 

and was overlain with 25 ml of the solutions.  Each sample was then shaken in a reciprocal 

shaker at 250 rpm for 24 hr.  At t = 24 hr, the supernatant water from each sample 

container was filtered using 0.45µm filters and analysed immediately using a nutrient 
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analyser (Konelab 20, Thermo Clinical Labsystems, Finland).  The data obtained from 

the P adsorption batch studies were modelled using the Langmuir adsorption isotherm 

(McBride, 2000), which assumes monolayer adsorption on adsorption sites and allows 

for the estimation of the maximum P adsorption capacity (qmax) of the media: 

 

qi  =  qmax  (
ka Ce

_________
1 + ka Ce

)                                                                                                     (1) 

 

where qi is the quantity of the contaminant adsorbed per gram of media (g g-1), Ce is the 

equilibrium contaminant concentration in the water (g m-3), ka is a measure of the affinity 

of the contaminant for the media (m3 g-1), and qmax is the maximum amount of the 

contaminant that can be adsorbed onto the media (g g-1).   

 

4.2.3.1. Mobilization of Metals 

To determine whether the residue media released trace elements, 25 mL of water was 

mixed with 1 g of media for 24 hr and the supernatant was analysed by ICP-MS.  The 

elements selected for detection were Al, arsenic (As), barium (Ba), beryllium (Be), boron 

(B), cadmium (Cd), Ca, chromium (Cr), copper (Cu), Fe, gallium (Ga), K, lead (Pb), Mg, 

manganese (Mn), mercury (Hg), molybdenum (Mo), Na, nickel (Ni), P, selenium (Se), 

silicon (Si), titanium (Ti), vanadium (V), and zinc (Zn). 

 

4.2.4 Statistical Analysis 

Linear regression analysis was utilised to examine the extent of correlation between the 

individual characteristic parameters of the bauxite residue samples and bauxite 

adsorption, using Minitab. A Pearson correlation coefficient and a correlation p-value 

were determined to quantify correlation. The p-value represents the probability that the 

correlation between the bauxite residue characteristic in question and the response 

variable (adsorption) is zero i.e. the probability that there is no relationship between the 

two.   
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4.3 Results and Discussion 

4.3.1 Characterisation of Bauxite Residue  

4.3.1.1 Effect of Treatments on Elemental and Mineralogical Composition 

The mineral and total elemental composition of the three untreated bauxite residues [UF(untreated fine fraction), UC (untreated coarse 

fraction), and UFR (untreated co-disposed)] are shown in Tables 4.2 and 4.3.  Bauxite residues are typically high in Fe and Al oxides (Liu et 

al., 2007), which was found to be the case in this study. The mineralogical composition present for all untreated samples was dominated by 

Fe2O3, Al2O3, SiO2 and CaO. A decrease in Al2O3 was noted following treatment with the gypsum and the seawater in all samples, with an 

increase in CaO content noted in samples treated with gypsum.   

 

Table 4.2 Mineralogical composition of the bauxite residues untreated and treated. 

Parameter Untreated 

Fine (UF) 

Fine 

+gypsum 

(UFG) 

Fine+ 

seawater 

(UFS) 

Untreated 

Coarse 

(UC) 

Coarse+ 

gypsum 

(UCG)  

Coarse 

+seawater 

(UCS) 

Untreated  

French 

(UFR) 

French+ 

gypsum 

(UFRG) 

French 

+seawater 

(UFRS) 

          

Fe2O3 (%) 43.9±1.1 40.6±0.6 41.8±1.2 64.0±5.1 61.4±3.0 69.9±3.8 43.9±0.6 47.9±0.5 53.3±5.8 

Al2O3 (%) 12.7±0.6 11.3±1.0 11.1±2.5 19.4±1.8 11.1±0.6 7.4±0.7 14.0±1.0 11.2±0.3 11.4±2.2 

CaO (%) 5.9±0.2 8.2±0.5 4.4±0.3 1.1±0.2 7.6±0.4 1.2±0.1 5.6±0.1 7.7±0.3 3.2±0.5 

MgO (%) 3.6±1.3 3.5±0.8 3.1±1.0 4.7±1.8 3.6±0.8 2.6±0.6 4.1±0.6 3.8±0.9 3.2±1.6 

SiO2 (%) 8.6±0.7 8.5±0.9 8.6±1.7 2.6±0.3 1.3±0.2 1.4±0.2 9.4±0.5 5.1±0.4 4.3±0.3 

TiO2 (%) 2.4±0.3 2.1±0.6 2.7±0.1 0.9±0.1 1.0±0.1 2.1±0.6 2.5±0.02 2.3±0.1 2.3±0.5 

P2O5 (%) 0.6±0.04 0.4±0.02 0.4±0.1 0.3±0.02 0.2±0.02 0.2±0.06 0.5±0.01 0.5±0.02 0.5±0.01 
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Table 4.3 Elemental composition of the bauxite residues untreated and treated. 

Parameter Untreated 

Fine (UF) 

Fine 

+gypsum 

(UFG) 

Fine+ 

seawater 

(UFS) 

Untreated 

Coarse (UC) 

Coarse+ 

gypsum (UCG)  

Coarse 

+seawater 

(UCS) 

Untreated  

French (UFR) 

French+ 

gypsum 

(UFRG) 

French 

+seawater 

(UFRS) 

          

B (mg kg-1) 470±8.81  425±29 448±13 615±13.3 622±29 722±32.1 566±18.9 539±25 483.8±31 

Al (mg kg-1) 72538±1390 81095±1219 80608±3090 45854±2769 48851±2336 45917±2080 67295±3343 65389±1326 64189±595 

As (mg kg-1) 21.9±1.73 9.7±0.4 <LODl <LODl <LODl <LODl 8.1±0.2 9.75±0.6 6.51±0.43 

Ba (mg kg-1) 43.8±1.19 29.4±5 33.3±0.7 13.9±1.01 18.3±3.4 12.7±2.8 45.7±1.5 41.4±1.4 49.4±3.8 

Cd (mg kg-1) 8.033±0.16 7.02±0.3 7.33±0.19 10.7±0.18 10.8±0.5 11.8±0.59 9.31±0.2 8.87±0.3 8.21±0.3 

Cr (mg kg-1) 1698±37.2 933±44 1170±12.9 880±3.8 817±13 803±21.3 1184±15.9 1090±9 1159±31.2 

          

Fe (mg kg-1) 338571±3057 289459±1859 298282±4937 434739±9980 460078±23043 471204±25753 353392±10003 328114±4498 332251±3435 

Pb (mg kg-1) 34.88±0.54 27.8±2.8 36.9±0.8 29.56±3.03 24.6±3 22.06±2.47 34.5±0.9 32.3±0.8 37.4±2.1 

Mg (mg kg-1) 122.28±4.96 163±37 1047±25.6 18.32±4.78 8.5±2.21 511.6±25.4 

 

109±3.9 150±9 2203.8±134 

Mn(mg kg-1)  163±2.63 140±6.1 167±6.8 187±15.5 223±99 185±31.1 134±0.9 139±1.9 142.9±4.2 

Ni (mg kg-1) 18.6±0.89 <LODl 2.25±0.2 3.54±0.27 3.15±0.5 4.18±0.22 1.1±0.1 1.24±0.2 1.23±0.3 

K (mg kg-1) 391±13.68 454±29 1108±41 255±38 195±23 556.99±67.38 399±13 359±11 1048±63.2 

Si (mg kg-1) 223.5±46.1 256±92 245.7±35 213±6.6 234±34 194.46±10.58 276±20 285±34 258.5±11.7 

Na (mg kg-1) 28347±553 38180±352 41864±2012 8804±666 5935±114 11101.55±1121.8 25514±317 23703±499 31974±1087 

Ti (mg kg-1) 1395±196 1309±100 1265±22 <LODl <LODl <LODl 1382±38 1288±120 1233±46 

V(mg kg-1)  1050±21.6 781±29 777±8 786±23.6 731±20 731.04±23 1036±12 920±7 983±21 

Zn (mg kg-1) 50.7±0.71 40.6±1.2 42.6±1.3 86.7±1.7 82±5.4 84.68±4.2 55.8±0.5 55.6±1.17 57.3±0.9 

Ga(mg kg-1) 78.9±2.02 81.2±0.53 73.9±0.6 71.8±1.03 69.3±2.3 73.5±1.6 86.8±1.3 78.6±2 78.8±0.9 
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Ca(mg kg-1) 46657±8 

32 

51641±485 17159±413 4152±490 12771±823 4089.42±588.32 15084±358 42703±2383 14820±926 

P(mg kg-1) 955±0.57 962±99 1018±15 1040±23 1011±59 1039.6±23 1298±26 1220±10 1320±53.8 

Be(mg kg-1)  <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl 

Cu (mg kg-1) <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl 

Hg (mg kg-1) <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl 

Mo(mg kg-1) <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl 

Se (mg kg-1) <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl <LODl 

l<LOD = below the limits of detection. 
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XRD analysis showed that the main crystalline phases present in UF were haematite 

(Fe2O3), goethite (FeO(OH)), perovskite (CaTiO3), boehmite (AlO(OH)), rutile (TiO2), 

gibbsite Al(OH)3 and sodalite Na8(Al6Si6O24)Cl2 (Figure C1 in Appendix C). Similarly, 

the main minerals in UFR were haematite (Fe2O3), goethite (FeO(OH)), boehmite 

(AlO(OH)), rutile (TiO2), gibbsite Al(OH)3 and sodalite Na8(Al6Si6O24)Cl2 (Figure C2).  

Boehmite (AlO(OH)), rutile (TiO2), gibbsite Al(OH)3 haematite (Fe2O3) were the 

predominant minerals present in UC (Figure C3). Following treatment with seawater and 

gypsum, a change in mineral phase in UFG, UFS, UFRS and UFRG occurred (Figure C4, 

C5, C6, C7). After treatment with gypsum, a higher presence of the calcium carbonate, 

calcite (CaCO3), was detected in UFRG and UCG (Figure C7 and C8), and post seawater 

treatment, small peaks representing brucite (Mg(OH)2 were detected in UFS and UCS (C5 

and C9).  

 

These findings are similar to previous studies that examined various neutralization 

techniques for bauxite residue (Gräfe et al., 2009).  When seawater is added to bauxite 

residue, a reaction occurs where the hydroxide, carbonate and aluminate ions are 

eliminated due to a reaction involving Mg2+ and Ca2+ (from the seawater) (Gräfe et al., 

2009; Palmer and Frost, 2009). This results in the formation of alkaline solids such as the 

calcium carbonates, calcite and brucite, which cause a buffering effect, evidenced in a 

shift of pH to between 8 and 9 (Power et al., 2011).  The addition of gypsum (CaSO4) 

results in a drop in the pH (approximately 8.6) due to the precipitation of excess 

hydroxides (OH-), aluminium hydroxides (Al(OH)4
-), carbonates (CO3

2-) to form calcium 

hydroxide/lime (Ca(OH)), tri-calcium aluminate (TCA), hydrocalumite and calcium 

carbonate (CaCO3), which behave as buffers and maintain pH (Gräfe et al., 2009).  The 

addition of Ca also flocculates and helps with the formation of more stable aggregates 

(Jones and Haynes, 2011). 

   

An analysis of water samples (Table C1) to examine mobilisation of metals showed that 

As, Al and Cr were present in the leachate from the UFR sample, but decreased following 

gypsum and seawater treatments.  Arsenic, Fe and Al were mobilised from the UF sample, 

but these concentrations were reduced following treatment with gypsum and seawater.  

Aluminium was mobilised from the UC.  The reduction in Fe and Al following treatment 

with either gypsum or seawater is in line with previous studies, which have shown that 

water soluble Fe and Al decrease following gypsum application (Courtney and Timpson, 
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2005). Overall, Al still remained above the maximum allowable concentration (MAC) of 

0.2 mg L-1 (200 µg L-1) (EPA, 2014) for Al for drinking water.  Sodium was still at a high 

level following gypsum and seawater treatments, ranging from 139.3±3.2 to 153±24.8 

mg L-1 and 241.3±26 to 388.7±18.6 mg L-1, respectively.  The MAC for Na in drinking 

water is 200 mg L-1 (EPA, 2014). 

 

4.3.1.2 Effect of Treatments on Physico-chemical Properties  

The untreated bauxite residues had high pH (10.8±0.12 to 11.9±0.06) and EC (704±90.8 

to 1184±48.8µS cm-1) (Table 4.4). Following treatment with gypsum and seawater, pH 

decreased and EC increased. Changes for pH after treatment with either seawater or 

gypsum are due to precipitation of calcium carbonates such calcite, brucite and aragonite, 

which behave as buffers and maintain a reduced pH (Menzies et al., 2004), while the 

increase in EC is attributed to the introduction of excess Na+ and Ca2+ (Gräfe et al., 2009). 

The pH of bauxite residue is normally within the range of 11 to 13 (Newson et al., 2006), 

but varies due to the type of bauxite ore, Bayer process, and neutralisation techniques 

used in the refinery. Both seawater (Menzies et al., 2004; Johnston et al., 2010) and 

gypsum applications (Jones and Haynes, 2011; Courtney and Kirwan, 2012; Lehoux et 

al., 2013) are recognised methods of reducing the alkalinity of bauxite residues.  

 

No change was observed in the particle size or particle size density following the addition 

of the gypsum and seawater treatments to the various bauxite residue samples (Table 4.4). 

Similarly, the addition of gypsum or seawater did not have any impact on bulk density 

(Table 4.4).    

 

The surface morphology of bauxite residues typically comprises 30% amorphous and 

70% crystalline phase (Gräfe et al., 2009).  However, in this study SEM imaging suggests 

that the bauxite residue samples were not present in strong crystalline form (Figure 4.1), 

in particular for samples UF and UFR, as no distinctive crystalline structure to the bauxite 

residue samples was observed.  Liu et al., (2007) examined the effect of age on stored 

bauxite residue, and found that fresh bauxite residue particles are present in poorly formed 

crystallised or amorphous form in comparison to older bauxite residue (10 years), which 

has a stronger crystalline formation, indicating that crystallisation occurs in some of the 

minerals over time. As the bauxite residue used in this study was fresh, this would explain 

why there was not a strong distinction between amorphous or crystalline forms, similar 
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to the findings of Liu et al., (2007). The composition of fine particles and larger particles 

in the coarse fraction (UC) were noticeable from the SEM (Figure 4.1). 
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Table 4.4 Physical and chemical characterisation of the bauxite residues, untreated and treated. 

Parameter Untreated 

Fine (UF) 

Fine 

+gypsum 

(UFG) 

Fine+ 

seawater 

(UFS) 

Untreated 

Coarse 

(UC) 

Coarse+ 

gypsum 

(UCG)  

Coarse 

+seawater 

(UCS) 

Untreated  

French 

(UFR) 

French+ 

gypsum 

(UFRG) 

French 

+seawater 

(UFRS) 

          

pH 10.8±0.12   8.7±0.04   9.02±0.07 11.4±0.29 6.79±0.08 7.95±0.16  11.9±0.06   9.17±0.02   9.49±0.01 

EC (µS 

cm-1) 

 704±90.8  1338±3.5 3080±17.3 856±1.53 909±2 916±1.53 1184±48.8 1219±7.21 5323±172 

% Water   23.5±0.65  28.9±0.6 32.1±1.72 0.39±0.2 0.82±0.18 3.13±0.72  28±0.54  35.3±1.32  36.5±0.16 

d10 (µm)a 

d50 (µm)b 

d90 (µm)c 

 0.6±0.09 

2.43±0.29 

6.02±0.86 

1.37±0.23 

3.56±0.59 

7.12±1.98 

1.26±0.06 

3.52±0.11 

7.69±1.97 

1.27±0.47 

5.13±0.63 

12.04±1.27 

1.11±0.23 

3.69±0.49 

9.51±0.25 

1.66±0.83 

3.68±0.4 

7.0±0.13 

1.3±0.04 

3.7±0.12 

10.11±2.37 

1.49±0.06 

4.11±0.39 

9.81±2.68 

1.08±0.74 

3.47±0.98 

7.17±3.25 

Total Pore 

Space (%)d 

 

50.03±2.25 

 

50.73±9.04 

 

50.03±1.75 

 

9.63±6.46 

 

10.82±1.09 

 

7.65±5.26 

 

61.77±1.16 

 

53.6±1.95 

 

53.87±0.78 

Bulk 

Density (g 

cm-3)e 

 1.5±0.02 1.5±0.01 1.49±0.01 2.53±0.01 2.48±0.03 2.55±0.01  1.31±0.03 1.32±0.03 1.31±0.02 

Particle 

Size 

Density (g 

cm-3)f 

 2.99±0.1  3.11±0.5  2.94±0.12 2.81±0.21 2.65±0.4 2.7±0.14  3.41±0.07  2.85±0.08  2.85±0.07 
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PZCpHg 6.96±1.21 3.43±0.73 6.28±0.98 6.89±0.09 3.11±0.12 6.39±0.51 6.16±0.21 6.32±0.51 4.43±0.09 

CEC 

(K)(cmol 

kg-1)h 

 

63.3±2.56 

 

64.1±3.41 

 

60.1±2.96 

 

N/Ak 

 

N/Ak 

 

N/Ak 

 

57.5±2.13 

 

56.4±3.49 

 

48.9±13.7 

Total Pore 

Volume 

(cm-3 g-1)i 

0.03 

 

0.03 

 

0.03 

 

0.02 

 

0.02 

 

0.03 

 

0.03 

 

0.04 

 

0.03 

 

BET SSA 

(m2 g-1)j 

11.73 12.77 13.82 

 

12.58 

 

13.19 

 

15.37 15.24 

 

17.57 

 

17.57 

 

ad10 (µm) = the size of particles at 10% of the total particle distribution, expressed in µm.  

bd50 (µm) = the median; the size of particles at 50% of the total particle distribution, expressed in µm.  

cd90 (µm) = the size of particles at 90% of the total particle distribution, expressed in µm. 

dTotal Pore Space = the total pore space which may be calculated from particle density and bulk density. 

eBulk density = the mass of soil per unit volume, expressed as g cm-3. 

fParticle size density = the density of the solid particles, excluding pore spaces between them, expressed as g cm-3. 

gPZCpH = the pH at which the point of zero charge is occurring. 

hCEC= the cation exchange capacity, expressed as cmol kg-1. 

iBET SSA = specific surface area analysed using Brunauer-Emmett-Teller isotherm and expressed as m2 g-1. 

jTotal Pore Volume = measurement of total pore volume expressed as cm-3 g-1.    

kN/A =not available 
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Improved aggregate formation was noticeable in the gypsum and seawater-treated bauxite 

residues (Figure 4.1), due to the addition of Ca2+, which results in flocculation (Zhu et al., 

2016).  Changes in the surface morphology were also evident in the gypsum and seawater-

treated residues in comparison to the untreated residues, which appeared to have a much 

smoother surface (Figure 4.1).  This change in surface morphology following the 

treatments was attributed to the changes in mineral phase (Huang et al., 2008).   

 

4.3.2 Phosphorus Adsorption Study 

4.3.2.1 Effect of Seawater and Gypsum Treatment on P Adsorption 

All nine bauxite residue samples in this study were successful in removing P from 

aqueous solution (Table 4.5).  Bauxite residue has been shown in numerous P adsorption 

studies to have a high P retention capacity, particularly following treatment or 

modification (Ye et al., 2014; Grace et al., 2015).  In this study, gypsum or seawater 

treatment had a positive impact on P removal, with the gypsum-treated bauxite residue 

performing best (Table 4.5). 

 

Following seawater treatment, the P adsorption capacity of the bauxite residues increased 

to qmax values of 0.48, 0.66 and 1.92mg P g-1 media for UFS, UCS and UFRS, 

respectively. In previous studies, following treatment with seawater, bauxite residue had 

a higher adsorption capacity for P.  Akhurst et al., (2006) reported a maximum adsorption 

of 6.5 mg P g-1 when using a bauxite residue treated with brine (Bauxsol™).  This 

relatively high adsorption may be attributed to the higher concentrations of Ca2+ and Mg2+ 

in the brines (or products such as Bauxsol™, developed by Basecon™), in comparison to 

raw seawater (0.41, 1.29 and 10.77g kg-1 of Ca2+, Na and Mg2+, respectively) used in this 

study (Gräfe et al., 2009).  The gypsum-treated bauxite residues had the highest qmax 

values – 2.46, 1.39 and 2.73mg P g-1 media for UFG, UCG and UFRG, respectively. 

However, these values were lower than a P adsorption study carried out by Lopez et al., 

(1998), who used the same application rate of gypsum to the bauxite residue samples and 

reported a qmax of 7.03 mg P g-1.  The lower rate observed in the current study may be 

attributed to the 72 hr leaching process that the gypsum-treated bauxite residue underwent 

before use in the adsorption study, which may have allowed for further exchange and 

removal of Ca2+ following the leaching process.   
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Untreated                                 Gypsum Treated Seawater Treated  

Figure 4.1. SEM (10kV; magnification x2,000; working distance 16.8mm) imaging for 

the three untreated bauxite residue pre and post treatment with either gypsum or 

seawater. 

 

Table 4.5 Maximum adsorbency (mg P g-1 media) of P using each of the bauxite 

residue samples, untreated and treated (level of fit of the data, R2, to Langmuir isotherm 

is included in brackets). 

Media  Treatment method employed 

 Untreated Gypsum Seawater 

 ------------------------ mg P g-1 media --------------------- 

UFR 1 (0.99) 2.73 (0.99) 1.92 (0.99) 

UF 0.38 (0.99) 2.46 (0.97) 0.48 (0.99) 

UC 0.35(0.98) 1.39 (0.99) 0.66 (0.99) 

 

UF UF UF 

UC UC UC 

UFR UFR UFR 
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Overall, the bauxite residue in the current study had a higher P adsorbency than in other 

studies for zeolite (0.01 mg P g-1, Grace et al., 2015) and granular ceramics (0.9 mg g-1; 

Chen et al., 2012), but lower than fly ash, granular blast furnace slag and pyritic fill (6.48, 

3.61 and 0.88 mg P g-1, respectively; Grace et al., 2015), crushed concrete (19.6 mg P g-

1; Egemose et al., 2012), untreated biochar (32 mg P g-1; Wang et al., 2015), and NaOH-

modified coconut shell powder (200 mg P g-1; de Lima et al., 2012).     

 

4.3.2.2 Factors Affecting P Adsorption  

The adsorption of P onto media is influenced by many factors which include particle size, 

pH, component and surface characteristics (Wang et al., 2016). Numerous studies have 

investigated the effect of parameters such as kinetics of P adsorption (Akhurst et al., 2006; 

Liu et al., 2007; Ye et al., 2014; Grace et al., 2015), ionic solution (Akhurst et al., 2006), 

pH (Liu et al., 2007; Huang et al., 2008; Grace et al., 2015) on the adsorption of P from 

aqueous solution. While all bauxite residue samples in this study did remove P from 

aqueous solution, it is clear that the application of treatments, such as gypsum or seawater, 

has an effect on the adsorption capability, and that the rate of adsorption will vary as a 

result of the source of bauxite residue and treatments used (Wang et al., 2008).   

 

The parameters which showed a statistically significant positive correlation of medium 

strength with P adsorption in this study were Ca (correlation coefficient = 0.47, p = 0.01, 

Degrees of Freedom (DoF) = 25) and CaO (correlation coefficient = 0.39, p = 0.04, DoF 

= 25). A statistically significant negative correlation of medium strength was also 

detected between pH and P adsorption (correlation coefficient = - 0.38, p = 0. 05, DoF = 

25).  pH was a contributing factor to the adsorption process with the amount of phosphate 

adsorbed increasing with a decrease in pH in the media following treatments, 

UFRG>UFRS>UFR, UFG>UFS>UF, UCG>UCS>UC.  This was a similar finding to 

several studies carried out (Li et al., 2006; Liu et al., 2007; Huang et al., 2008; Grace et 

al., 2015). The Ca ions also influenced P adsorption.  This is as a result of the high level 

of Ca2+ and Mg2+ present in the bauxite residue, particularly after seawater and gypsum 

treatments, when the majority of PO4
3- is removed from solution due to the formation of 

magnesium phosphate (Mg3(PO4)2) and calcium phosphate (Ca3(PO4)2) (Akhurst et al., 

2006).   
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The pH at which net charges are neutral on the surface of the adsorbent - the point of zero 

charge (PZC) - influences the rate of adsorption of P (Jacukowicz-Sobala et al., 2015). 

Where the pH is higher than the PZCpH, the surface of the adsorbent media becomes 

more negative (attracting more cations), as a result of the adsorption of OH- from the 

surrounding solution (Prajapati et al., 2016).  The PZCpH ranged from 6.16 ± 0.21 to 6.96 

± 1.21 (Table 4.4) in the three untreated samples.  Following treatment with gypsum and 

seawater, there were notable changes, but no statistical relevance was detected between 

the PZCpH and P adsorption in this study.  However, as bauxite residue is composed of 

numerous minerals, each with their own individual PZCpH (which, as noted in the 

literature, can range from anywhere between pH 2 to pH 9.8 (Gräfe et al., 2009)), this 

results in the bauxite residue being able to cater for a wide range of pH (Gräfe et al., 2009) 

and also having the capability of removing both cations and anions from solution.   

 

The SSA analysis carried out on the bauxite residues show an increase in specific surface 

area in all samples following treatment with either the gypsum or the seawater (Table 

4.4). There was also an increase in pore volume following the addition of either gypsum 

or seawater (Table 4.4). This is attributed to the formation of precipitates formed in the 

neutralisation process of both gypsum and seawater and the effect of the Ca acting as a 

flocculant with the finer particles present. This increase in surface area also contributes 

to the increase in P adsorption following treatments. Although particle size affects 

adsorption onto media, due to the availability of sites for P uptake, no significant 

correlation was observed in the current study.  

 

4.3.3 Implications of the Findings of this Study 

The use of gypsum and seawater treatments on bauxite residue improved the overall P 

adsorption capacity of the bauxite residue samples, but mixing the bauxite residue and 

treatments with actual wastewater will be necessary to fully understand the total 

adsorption behaviour of the bauxite residue.  In addition to improving the P adsorption, 

alkalinity was significantly reduced following both treatments; however, the EC was 

increased. This may limit the growth of plants on the gypsum or seawater-treated bauxite 

residues; therefore, one option may be to increase the rinsing period of the bauxite residue 

following treatment to remove the excess Ca2+ and Na+ ions in solution. Lowering the 

alkalinity, increasing the P, Ca2+ and Mg2+ content and improving the physical structure, 

provide the possible re-use option of using the treated bauxite residue as a growth media.   
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For a refinery, the cost of neutralisation techniques is an obvious consideration when 

deciding which technique(s) to use.  The use of seawater as a neutralisation technique 

would be a cheap and feasible option for a refinery that is close to the sea.  The 

establishment of a pipeline (if not already in place) would be the dominant capital cost.  

The use of a Nano filtration system to concentrate the Ca2+, Mg2+ and Na+ ions in the 

seawater (Couperthwaite et al., 2014) could allow for the reduction in volume of seawater 

necessary for the neutralisation process, but may add to the cost.  Gypsum however may 

be a more expensive option, requiring machinery such as amphirolls for the mixing and 

spreading of the gypsum.  However, depending on the refinery’s location, waste gypsum 

from construction sites or fossil fuel powered power stations may be used (Jones and 

Haynes, 2011). 

   

4.4 Conclusions 

This study examined the impact of gypsum and seawater treatments on the mineral, 

elemental and physiochemical properties of bauxite residue.  The untreated bauxite 

residues were high in Fe and Al oxides and their mineralogical composition was 

dominated by Fe2O3, Al2O3, SiO2 and CaO. Following treatment with gypsum and 

seawater, the pH decreased and EC increased, but no change was observed in the particle 

size or density. The SSA and pore volume of the bauxite increased following both 

treatments, which contributed to increased P adsorbency. Although the P adsorbency 

measured in this study was not as high as measured in other studies using different media, 

it still indicates that re-use in water or wastewater treatment facilities may be an 

appropriate option for bauxite residue. 
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Chapter 5  

 

 

The use of rapid small-scale column tests to determine the 

efficiency of bauxite residue as a low-cost adsorbent in the 

removal of dissolved reactive phosphorus from agricultural 

waters. 

 

Overview 

The aim of this chapter was to determine the efficiency of fine fraction bauxite residue as 

a low-cost adsorbent in the removal of phosphorus (P) from both low and high P 

concentrated wastewater types.  The bauxite residue media was also characterised before 

and after use as a P adsorbent.  It was fully intended to use the gypsum treated fine fraction 

bauxite residue identified from the previous study (Chapter 4) which was identified as 

having an increased phosphorus adsorption capacity following treatment with gypsum.  

However, clogging arose when using the gypsum treated fine fraction bauxite residue 

when carrying out preliminary continuous flow experiments as a result of the low 

permeability associated with the fine fraction bauxite residue.  Following the trialling the 

mixing the gypsum treated fine fraction bauxite residue with sand and Puraflo, clogging 

issues still arose.  Finally, a technique developed by Dr. Oisín Callery (patent pending) 

was applied to the fine fraction bauxite residue and resulted in an increase in the 

permeability and also reduced the pH of the fine fraction bauxite residue. 

 

This study has been published in the Journal of Environmental Management. (Cusack, P. 

B., Callery, O., Courtney, R., Ujaczki, É., O’Donoghue, L.M. and Healy, M.G., 2019.  

The use of rapid small-scale column tests to determine the efficiency of bauxite residue 

as a low-cost adsorbent in the removal of dissolved reactive phosphorus from agricultural 

waters.  Journal of Environmental Management, 241, pp.273-283.  DOI Link: 

https://doi.org/10.1016/j.jenvman.2019.04.042).  Patricia B. Cusack carried out all the 

experimental analysis and is the primary author of this publication.  Dr. Oisín Callery 

developed the design and model of the rapid small-scale column tests.  Dr. Ronan 

https://doi.org/10.1016/j.jenvman.2019.04.042
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Courtney and Dr. Mark G. Healy also contributed to the experimental design and set-up 

and were the main contributors to the editing of this manuscript, with inputs also from 

Dr. Oisín Callery regarding the modelled data.  Dr. Éva Ujaczki and Dr. Lisa M. O’ 

Donoghue were also listed as authors on this publication as this study was part of the 

overall Alsource project.   

 

5.1 Introduction  

Phosphorus (P) is an essential component of all plant and animal life (Desmidt et al., 

2015; Weissert and Kehr, 2018), and is critical in the production and maintenance of food 

supply (Cordell and White 2011; Pretty and Bharucha, 2014).  Phosphorus is also 

identified as one of the key nutrients that leads to the eutrophication of water bodies, in 

which there is an excess production of algal blooms, resulting in detrimental effects to the 

aquatic life of the water body (Pan et al., 2018; Schindler et al., 2016).  Agricultural 

practices, such as the application of slurry and fertiliser, may result in the transport of 

nutrients in surface runoff (Murnane et al., 2016a; Pan et al., 2018) and subsurface flow 

(O’ Flynn et al., 2018; Zhou et al., 2016) to a water body, and have been identified as a 

major cause of eutrophication (Sharpley, 2016).    

   

The movement of P from soil to water bodies is predominantly in the form of particulate 

or dissolved reactive P (DRP) (Brennan et al., 2014), the latter being 100% available for 

aquatic biota and which, therefore, has an immediate effect on the surrounding 

ecosystems (Penn et al., 2014).  Conventional methods of P removal from water have 

involved the use of enhanced biological removal systems such as polyphosphate 

accumulating organisms (PAOs)  (Ge et al., 2015) and algal biofilms (Sukačová et al., 

2015), precipitation methods using hydrous ferric oxides (Hauduc et al., 2015) or struvite 

(Zhou et al., 2015), the use of adsorbents (Grace et al., 2015; Callery et al., 2016; Callery 

and Healy, 2017), ion exchange (Acelas et al., 2015), and reverse osmosis (Wang et al., 

2016).  In recent years, to address the concept of a ‘circular economy’ (United Nations, 

2015), emphasis has been placed on the utilisation of industrial wastes as low-cost 

adsorbents (De et al., 2018; De Gisi et al., 2016; Grace et al., 2016). Materials that have 

been utilised include fly ash (Nowak et al., 2013; Vohla et al., 2011), steel slags (Barca et 

al., 2012; Claveau-Mallet et al., 2013) and chemical amendments (Callery et al., 2015). 

Particular focus has been placed on bauxite residue (red mud), the by-product generated 

in the Bayer Process during the extraction of alumina, as a potential low-cost P adsorbent 
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in aqueous solutions.  It is currently being produced at a global rate of 150 Mt per annum 

(Evans 2016), but only approximately 2 % of the bauxite residue produced is currently 

re-used (Ujaczki et al., 2018), with the remaining ~ 98% being disposed of into bauxite 

residue disposal areas (BRDAs) (Burke et al., 2013; Kong et al., 2017).  The general 

composition of bauxite residue comprises high amounts of iron (Fe) and aluminium (Al) 

oxides (Zhu et al., 2016), which are good adsorbents of P.  In addition, bauxite residue 

has a high specific surface area (Gräfe et al., 2011) and therefore has numerous potential 

adsorption sites, giving it increased capacity for P retention.  Previous laboratory studies 

have shown that bauxite residue has high P adsorption capacity (Table 5.1).   
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Table 5.1 Phosphorus (P) adsorption studies that have been carried out using bauxite residue, untreated and treated residues, and their 

recovery efficiencies (adapted from Cusack et al., 2018). 

 P recovery 

technique 

Factors 

investigated 

Type of 

water 

Initial P 

concentration of 

the water 

P recovered Reference 

Untreated bauxite 

residue 

 

Batch 

adsorption 

experiment 

Kinetics, pH and 

temperature 

 

Synthetic 

water 

5-100 mg P L-1 0.20 mg P g-

1 

 

Grace et al., 

2015 

 

Untreated bauxite 

residue 

 

Column study Initial 

concentration, 

particle size 

 

Synthetic 

water 

60-1000 mg P L-1 25 mg P g-1* 

 

Herron et al., 

2016 

Untreated bauxite 

residue 

 

Batch 

adsorption 

experiment 

 

Initial 

concentration, pH, 

particle size 

 

Synthetic 

water 

 

10-150 mg P L-1 

 

0.345-1 mg 

P g-1 

Cusack et al., 

2018 

Gypsum Treated 

 

Batch 

adsorption 

experiment 

 

Contact time 

 

Synthetic 

water 

 

20-400 mg P L-1 

 

7.03 mg P g-

1 

Lopez et al., 

1998 
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Gypsum Treated 

 

Batch 

adsorption 

experiment 

 

Initial 

concentration, pH, 

particle size 

 

Synthetic 

water 

 

10-150 mg P L-1 

 

1.39-2.73 

mg P g-1 

Cusack et al., 

2018 

Seawater Treated 

 

Batch 

adsorption 

experiment 

 

Initial 

concentration, pH, 

particle size 

 

Synthetic 

water 

 

10-150 mg P L-1 

 

0.48-1.92 

mg P g-1 

Cusack et al., 

2018 

Brine treated bauxite 

residue (Bauxsol™**) 

 

Batch 

adsorption 

experiment 

 

pH, ionic strength, 

time 

Synthetic 

water 

0.5-2 mg P L-1 6.5-14.9 mg 

P g-1 

Akhurst et 

al., 2006 

Brine treated bauxite 

residue (Bauxsol™**) 

 

 

Column study Kinetics, particle 

size 

Secondary 

treated 

effluent 

3-9.2 mg P L-1 2.85-8.74 

mg P g-1 

Despland et 

al., 2011 

Acid and brine treated 

bauxite residue 

(Bauxsol™**) 

 

Batch 

adsorption 

experiment 

 

Kinetics and 

isotherms 

 

 

Synthetic 

water 

 

200 mg P L-1 

 

 

55.72 mg P 

g-1 

 

 

Ye et al., 

2014 
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Heat treated bauxite 

residue 

 

 

Acid and heat treated 

bauxite residue 

 

Batch 

adsorption 

experiment 

 

Batch 

adsorption 

experiment 

Time, pH and initial 

concentration 

 

Time, pH and initial 

concentration 

Synthetic 

water 

 

 

Synthetic 

water 

155 mg P L-1 

 

 

 

155 mg P L-1 

 

155.2 mg P 

g-1 

 

 

 

202.9 mg P 

g-1 

Liu et al., 

2007 

 

 

Liu et al., 

2007 

 

Acid treated bauxite 

residue 

Batch 

adsorption 

experiment 

Acid type, pH Synthetic 

water 

1 mg P L-1 1.1 mg P g-1 Huang et al., 

2008 

*Pmax value given i.e. Maximum amount of P adsorbed per g of media, as determined using the Langmuir adsorption isotherm. 

**Bauxsol™ = neutralised bauxite residue produced using the Basecon™ procedure, which uses brines high in Ca2+ and Mg2+ (McConchie et al., 2001).
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Traditionally, bench-scale “batch” studies are conducted to evaluate the effectiveness of 

a material to adsorb P (Table 5.1).  These studies involve placing the material in small 

containers, overlaying it with solutions of known concentrations, mixing for a period 

usually of between 24 to 48 hr, and then fitting the results obtained to an adsorption 

isotherm such as the Freundlich or Langmuir, in order to quantify its adsorption potential 

(Cusack et al., 2018; Grace et al., 2015).  However, batch studies have some 

disadvantages, such as failing to replicate the often passive nature of the adsorption 

process which exists on site, as well as sometimes using unrealistic ratios of adsorbent to 

solution, and shaking of the samples (ÁdÁm et al., 2007; Søvik and Kløve, 2005). In 

addition, concerns have been raised about their accuracy in replicating the actual 

performance when the adsorbent material is placed in a filter and operated on site (Fenton 

et al., 2009).  Due to the nature of the batch experiment, they also fail to realistically 

replicate any incidental releases of contaminants, which may occur when some materials 

are placed in filters. This may be particularly pertinent in the evaluation of the feasibility 

of bauxite residue, which contains metals (Cusack et al., 2018).  In order to determine the 

full potential and longevity of an adsorbent, larger scale “column” studies are necessary 

(Pratt et al., 2012). In these studies, the material is placed in a column, usually operated 

at laboratory-scale, and water of a known concentration is passed through the material 

until the effluent concentration is the same as the influent concentration.  These 

continuous flow column studies require vast amounts of influent water, which depending 

on the type of water utilised, is often difficult to source in the laboratory (Callery and 

Healy 2017). On account of this, rapid, small-scale column studies which utilise smaller 

volumes of media and wastewater have been gaining in popularity, and have been used to 

successfully model the adsorbancies of P (Callery et al., 2016; Lalley et al., 2015), 

fluoride (Brunson and Sabatini, 2014; Wu et al., 2018), paracetamol (García-Mateos et 

al., 2015), and varying species of arsenic (Pantoja et al., 2014; Tresintsi et al., 2014). 

 

As P adsorption tests on bauxite residues have been commonly conducted using batch-

scale studies, which may have many shortcomings as detailed above, the objectives of 

this study were to use rapid, small-scale column studies to (1) to assess the potential of 

bauxite residue as a low-cost adsorbent for DRP removal from two types of an agricultural 

water (dairy soiled water (DSW)) and forest run-off (2) compare the composition of the 

bauxite residue media before and after use in the column tests (3) investigate the 
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speciation of P adsorption onto the bauxite residue, and (4) identify any potential trace 

metal mobilisation from the bauxite residue during the study. 

 

5.2. Materials and Methods 

5.2.1 Sample Collection 

Bauxite residue was obtained from a European refinery.  Residue was sampled to a depth 

of 30 cm below the surface of the BRDA, returned to the laboratory and dried at 105˚C 

for 24 hr.  Once dry, the samples were pulverised using a mortar and pestle and sieved to 

a particle size < 0.5 mm.  The pH and electrical conductivity (EC) were measured (n=3) 

using 5 g of sample in an aqueous extract, using a 1:5 ratio (solid:liquid) (Courtney and 

Harrington, 2010).  Dairy soiled water (milk parlour washings composed of cow faeces 

and urine, milk and detergents; Minogue et al., 2015) was collected from Teagasc 

Agricultural Research Centre, Moorepark, Co. Cork, Ireland [52° 9’ 48.114” N, 8° 15’ 

34.6464” W] and forest run-off was collected from Kilmoon, Co. Clare, Ireland [53° 2’ 

48.0372” N, 9° 16’ 21.1368” W].  The DSW and forest run-off were transferred directly 

to a temperature-controlled room (11°C) prior to commencement of testing.  The DRP 

was measured using filtered (0.45 µm) subsamples using a nutrient analyser (Konelab20, 

Thermo Clinical Lab systems, Finland) and the pH was measured using a Eutech 

Instruments pH 700 (Thermo Scientific, USA).     

 

5.2.1.1 Media Characterisation 

The bauxite residue media was characterised before and after the experiment.  

Mineralogical detection was carried out on 1 g powdered samples using X-ray diffraction 

(XRD) on a Philips X’Pert PRO MPD® (California, USA) at 40 kV, 40 mA, 25 °C by Cu 

X-ray tube (Kα-radiation). The patterns were collected in the angular range from 5 to 80 

º (2ɵ) with a step-size of 0.008 º (2ɵ) (Castaldi et al., 2011).  The surface morphology and 

elemental detection were carried out using scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) on a Hitachi SU-70 (Berkshire, UK). X-ray 

fluorescence (XRF) analysis was carried out onsite at the refinery using a Panalytical 

Axios XRF.  

 

5.2.2 Rapid Small Scale Column Study 

Small bore adsorption columns were prepared after Callery et al., (2016) using 

polycarbonate tubes, with an internal diameter of 0.94 cm and lengths of 20, 30 and 40 
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cm.  The tubes were packed with a mixture of bauxite residue.  The bauxite residue was 

held in place within each column using acid-washed glass wool and plastic syringes with 

an internal diameter equal to outside diameter of the polycarbonate tube, placed at the top 

and bottom of each of the polycarbonate tube columns.  To each end of the polycarbonate 

tube column, flexible silicone tubing was attached to the syringe ends in order to provide 

lines for the influent and effluent.  The columns were secured on a metal frame, allowing 

for a stable, vertical orientation to be maintained, as seen in Figure 5.1.  A Masterflex® 

L/S Variable-Speed Drive peristaltic pump (Gelsenkirchen, Germany) with a variable 

speed motor was used to pump the influent, DSW and forest run-off, into the base of each 

column at an estimated flow rate of 30.49 ± 0.85 mL hr-1 (equivalent to a hydraulic 

loading rate used in a P removal system for wastewater treatment on a poultry farm; Penn 

et al., 2014).  The pump was operated in 12 hr on/off cycles (to allow the filter media to 

replenish some of its adsorption sites) to achieve loading periods of 24 – 36 hr, in order 

to obtain enough data points for the determination of the adsorption model coefficients.  

Every 2 hr, aliquots of the filtered effluent were collected using an auto-sampler and 

measured for volume, pH and DRP.  
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Figure 5.1 Image of the rapid small-scale column tests (RSSCT) set-up used in this 

study. 

 

The adsorption performance of the media was evaluated using a model developed by 

Callery and Healy (2017), wherein the column effluent (Ce) is taken as a function of the 

volume of influent treated (V) and breakthrough concentrations (BTCs) formed by 

plotting V (x-axis) against Ce (y-axis).  The breakthrough of the column media was taken 

to be when the column effluent is approximately 5% of the influent concentration (Chen 

et al., 2003). 

 

The overall bauxite residue media service time or longevity of the bauxite residue media 

can be found by first determining the volume treated, using Eqn. 1, where qt is the time 

dependent sorbate concentration per unit mass of adsorbent (mg g-1), M is the mass of the 

adsorbent (g), B is a constant of system heterogeneity, Co is the sorbate concentration of 
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the influent (mg L-1) and Ct is the solution adsorbate concentration at any filter depth (mg 

L-1), by dividing the volume treated, V (in L) by the loading rate (L min-1). 

 

V =  
qt M

B (Co− Ct)
                                                                                                                                                                                                         

      (1) 

The qt used in Eqn. 1 was calculated using Eqn. 2: 

 

                                                        qt = AVB
(

1

B
)
|

t

  t+a∗∗                                                           (2)  

 

Where A is a constant of proportionality (mg L-1), t is the service time/operating time of 

the filter bed at the end of the rapid small-scale column test (min), and a** is a time 

constant. 

 

5.2.3 Speciation of P Adsorbed  

Fourier transform infrared (FT-IR) analysis was carried out using a Perkin Elmer 

Spectrum 100 (PerkinElmer, USA).  The FT-IR spectra were recorded in the 4000 to 650 

cm-1 range and were collected after 256 scans at 4 cm-1 resolution (Castaldi et al., 2010).     

 

5.2.4 Trace Metal Analysis 

Every 2 hr, 10 mL of the aliquot collected from the columns, was preserved in nitric acid 

(HNO3), to a pH <2 and refrigerated before elemental analysis was carried out using an 

Agilent Technologies 5100 Inductively Coupled Plasma Optical Emission Spectrometer 

(ICP-OES).  In order to carry out the ICP-OES analysis, a calibration curve was created 

using standardised solutions comprised of 100, 50, 10, 5 and 1 g L-1 multi element 

standard (Inorganic Ventures, Ireland) and 1M HNO3.  The analytical lines (in nm) used 

for the calculations of each element were as follows: Al 237.312, 396.152; calcium (Ca) 

396.847, 422.673; cadmium (Cd) 214.439, 226.502, 228.802; chromium (Cr) 205.560, 

267.716, 357.868; copper (Cu) 213.598, 324.754, 327.395; Fe 234.350, 238.204, 

259.940; gallium (Ga) 287.423, 294.363, 417.204; mercury (Hg) 184.887, 194.164; 

magnesium (Mg) 279.553, 280.270, 285.213; manganese (Mn) 257.610, 259.372, 

260.568; molybdenum (Mo) 202.032, 203.846, 204.598; sodium (Na) 589.592; nickel 

(Ni) 216.555, 221.648, 231.604; lead (Pb) 220.353, 283.305; selenium (Se) 196.026, 

203.985; silicon (Si) 250.690, 251.611, 288.158; vanadium (V) 268.796, 292.401, 
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309.310; zinc (Zn) 202.548, 206.200, 213.857 (Bridger and Knowles, 2010).  The XRF 

analysis performed on the bauxite residue was carried out using a Panalytical Axios XRF 

(Malvern Panalytical Ltd., United Kingdom).    

 

5.3 Results and Discussion 

5.3.1 Media Characterisation Before and After the Experiments  

Bauxite residue typically comprises Fe, Al, Ti, Si, Na and Ca, mainly in the form of oxides 

(Gräfe et al., 2009).  The presence of Fe and Al oxides, which can range from 5 to 60 and 

5 to 30 %, respectively (Evans 2016), and Ti oxides, which are typically in the range of 

0.3 to 15 % (Evans 2016), mean that bauxite residue is a potential adsorbent for both 

cations and anions from aqueous solutions (Arco-Lázaro et al., 2018; Atasoy and Bilgic 

2018; Bhatnagar et al., 2011; Cusack et al., 2018). This is why numerous studies have 

investigated the potential of P removal from aqueous solution (Table 5.1).   

  

The main mineralogical composition of the bauxite residue used in this study comprised 

mainly iron and aluminium oxides (Fe2O and Al2O3) (Table 5.2).  SEM-EDS analysis also 

indicated the dominance of Fe and Al (Figure D1 in Appendix D). Titanium, Si, Ca and 

Na were also detected in the main composition.  Prior to use in the column, there was a 

mineralogical dominance of the iron oxide hematite (as represented by H in Figure 5.2), 

detected at positions 33.153 and 35.612°2ϴ, respectively (Figure 5.2).  Rutile (TiO2) was 

also detected at position 27.459 °2ϴ.  Following the column trials, XRD analysis was 

carried out on the spent media from both the DSW and forest run-off columns.  New 

peaks were identified in the XRD patterns, as seen in Figure 5.2, which show the presence 

of P-based minerals, which were not present in the raw media.  The new peaks detected 

in both the spent media following treatment of the DSW and forest run-off include 

calcium hydrogenphosphate (III) hydrate (CaHPO4.3H2O) at positions 19.120 and 30.001 

°2ϴ in the spent media following the treatment of the DSW. The presence of this mineral 

in the spent media indicates P retention within the bauxite residue after treatment.      
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Table 5.2 Main mineralogical composition (%) of the bauxite residue determined by 

XRF. 

Mineral oxide % 

Aluminum oxide, Al2O3 14.8 ± 1.5 

Iron oxide, Fe2O 47.5 ± 2.0 

Titanium oxide, TiO2 10.3 ± 0.95 

Silicon oxide, SiO2 7.20 ± 1.0 

Calcium oxide, CaO 6.1 ± 1.0 

 

 

Figure 5.2 XRD pattern as determined for the column media before (‘Raw media’, top) 

and after the loading period with DSW (‘Dairy’, middle) and forest run-off (‘Forest’, 

bottom).  Hematite (H; Fe2O3), detected at position 33.153 and 35.612°2ϴ and rutile (R; 

TiO2), detected at position 27.459 °2ϴ were present in the raw bauxite residue media.  

Calcium hydrogenphosphate (III) hydrate (C; CaHPO4.3H2O), detected at positions 

19.120 and 30.001 °2ϴ was present in both the spent media following treatment of the 

DSW and forest run-off. 
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5.3.2 Influent and Effluent Water Characterisation and Rapid Small-scale Column 

Study 

The forest run-off had a pH of 7.57 and a DRP concentration of 1.10 mg P L-1. The total 

phosphorus (TP) concentration of forest run-off is usually around 1 mg L-1 (Finnegan et 

al., 2012), whereas DSW has a TP concentration of 20 to 100 mg L-1 and a total nitrogen 

(TN) concentration of 70 to 500 mg L-1 (Minogue et al., 2015).  The DSW used in this 

study had a pH of 7.79 and a DRP concentration of 10.64 mg P L-1.     

 

The BTC approached saturation much quicker for the DSW than for the forest run-off 

water (Figure 5.3(a) and 5.3(b)). Similar to the findings of Vuković et al., (2011), the 

breakthrough time and exhaustion time increased with bed depth. As a result of its 

composition, there are other anions such as nitrates (NO3
-) and nitrites (NO2

-) present in 

the DSW (Ruane et al., 2011), and therefore there is greater competiveness for available 

adsorption sites and interferences between the adsorbent surface and the ions present in 

the aqueous solution. This may explain why the DSW-treating columns generated a BTC 

approaching saturation much faster than the bauxite residue columns treating forest run-

off.  When treating the forest run-off, the bauxite residue media had a service time of 

approximately 22.80 min, based on the largest column before the initial breakthrough 

time of the bauxite residue media occurred.   However, when treating the DSW, it had a 

shorter service time of 5.80 min, as noted for the largest column before the initial 

breakthrough occurred.  Taking into account the amount of bauxite residue media used in 

the largest columns (21.16 and 20.78 g), this gives an estimated service time of 1.08 min 

g-1 bauxite residue and 0.28 min g-1 bauxite residue when treating forest run-off and DSW, 

respectively, before initial breakthrough (5%) would occur.  

 

The modelled qt value, which is the sorbate concentration per unit mass of the bauxite 

residue, was 0.27 mg P g-1 media and 0.045 mg P g-1 media when treating the DSW and 

forest run-off, respectively.  This overall P adsorption rate is  lower than that recorded 

by Despland et al. (2011), who reported values of between 2.85 and 8.74 mg P g-1 for 

Bauxsol (neutralised bauxite residue using synthetic brine water based on a seawater 

neutralisation technique) media used when treating secondary effluent and by  Herron et 

al., (2016), who, in their column trials found an adsorption rate of 25 mg P g-1 as 

estimated using the Langmuir adsorption isotherm when treating synthetic water.  In 

general, bauxite residue typically has a low P adsorption rate (Bhatnagar et al., 2011), 
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however once amended through the application of treatments such as acid (Ye et al., 

2014) and heat (Liu et al., 2007), the P adsorption capacity increases as noted in the 

studies previously mentioned. 

 

When comparing the bauxite residue media used in this study to other studies which 

have trialled the incorporation of other possible low-cost adsorbents such as zeolites and 

granular ceramics, it was found that bauxite residue media had a higher P adsorbency 

rate, when compared to a P adsorption rate of 0.01 mg P g-1 for zeolite (Grace et al., 

2015) and a P adsorbent rate of 0.9 mg g-1 for the granular ceramics (Chen et al., 2012).  

However, the bauxite residue media used in this study did show a lower P adsorption 

rate when compared to crushed concrete, which had a P adsorbent rate of 19.6 mg P g-1 

(Egemose et al., 2012) and untreated biochar, which had a P adsorption rate of 32 mg P 

g-1 (Wang et al., 2015).  

 

Although the values reported in this study are lower other studies using bauxite residue 

(treated) and other potential low-cost adsorbents such as biochar and crushed concrete, it 

is important to note that full saturation of the bauxite residue was not reached and the type 

of wastewaters used had an impact on the P adsorption capacity with interferences and 

competion for adsorption sites highlighted when using ‘real’ wastewater types such as 

DSW, due to containing other ions and contaminants in addition to the phosphate ions. 
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Figure 5.3(a) The breakthrough curves for the effluent dissolved reactive phosphorus 

concentration versus loading time for forest run-off using experimental and modelled 

data. 

 

 

 

Figure 5.3(b) The breakthrough curves for the effluent dissolved reactive phosphorus 

concentration versus loading time for dairy soiled water using experimental and 

modelled data. 
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5.3.3 Speciation of P Adsorbed 

The adsorption of phosphate ions onto an adsorbent is measured by the decrease for 

phosphate in the influent after a certain amount of time (Loganathan et al., 2014).  

Typically, the main mechanism of phosphate adsorption (and other anions and cations) 

onto the surface of iron and aluminium oxides may be separated into two processes: 

specific and non-specific adsorption (Stumm, 1992; Cornell and Schwertmann, 2003). 

Specific adsorption takes place through the process of ligand exchange (Jacukowicz-

Sobala et al., 2015). A phosphate ion exchanges with one or more hydroxyl groups, with 

the release of OH2 and/or OH- back into the surrounding solution, contributing to the 

alkalisation of the surrounding environment (Cornell and Schwertmann, 2003), as shown 

in the following equations: 

 

≡ FeOH + An
− ↔ ≡ FeAn +  OH

−                                                                                        (3)           

≡ Fe(OH)
2

+ An
− ↔ ≡ Fe2 + An

+ + 2OH
−                                                                         (4) 

 

Non-specific adsorption, which was the main mechanism evident in this study, is 

inclusive of electrostatic interactions and surface precipitation (Loganathan et al., 2014) 

between the surface of the sorbent and the phosphate ion (Jacukowicz-Sobala et al., 

2015).    The electrostatic interactions occur between the electric charge carried on the 

surface of the sorbent and type of ion present in the surrounding solution.  Phosphate 

ions, which are of anionic nature, carry a negative charge, which interacts with the 

positive charge as carried by Ca, a cation (Loganathan et al., 2014).  Surface 

precipitation involves the formation of complexes/precipitates on the surface of the 

sorbent such as CaHPO4
3- as a result of these ion interactions (Loganathan et al., 2014).  

The adsorption of the phosphate ions is greatest in a low pH environment due to the 

abundance of positively charged sites (Jacukowicz-Sobala et al., 2015). 

    

X-ray diffraction and SEM analysis have been used in previous studies to show evidence 

of the presence of newly formed surface precipitates following the P adsorption process 

(Bowden et al., 2009).  The XRD data obtained in this study (Figure 1) show that the 

main interactions and complexes formed by the phosphate ions present in the wastewater 

(negative charge) were with Ca (positive charge) present in the bauxite residue, as 

evidenced by the presence of new peaks of  CaHPO4
3- in the XRD patterns following the 
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treatment of both the DSW and forest run-off.  Depending on the pH of the solution, the 

species of P found in aqueous solution are H3PO4 (pH < 4), H2PO4
- (pH ~ 0-9), HPO4

2- 

(pH ~ 5-11) and PO4
3- (pH >10) (Karageorgiou et al., 2007; Despland et al., 2011). 

 

The FT-IR analysis of the bauxite residue media before and after treatment of both the 

DSW and forest run-off (Figures 5.4 and 5.5) indicated that similar changes occurred in 

the media following treatment of both wastewaters. Two distinct broad bands were 

detected between wavelength 600 to 900 cm-1 and again at 1000 to 1400 cm-1.  This was 

evident for both the DSW and forest run-off spent media.  Intensive IR absorption bands 

are typically in the range of 560 to 600 cm-1 and 1000 to 1100 cm-1 for P species (Tejedor-

Tejedor and Anderson, 1990; Berzina-Cimdina and Borodajenko, 2012).  However, it 

was not possible to identify specific P species due to some interferences, which are most 

likely due to the presence of many other ions present in each of the wastewater sources 

used.     
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Figure 5.4 FT-IR analysis of the bauxite residue media before (a) and after use in the column treating DSW (b). 
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Figure 5.5 FT-IR analysis of the bauxite residue media before (a) and after use in the column treating forest run-off (b). 
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Figure 5.6 The pH values of (a) the dairy soiled water and (b) forest run-off effluent from the columns over the 24 – 36 hr loading period, 

showing that there was an overall increase in the pH of the effluent treated. 
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There was an increase in the pH in the effluent for both the DSW and forest run-off treated 

wastewater (Figure 5.6).  The influent pH of the DSW was 7.79, which increased to 8.94 

in the 40 cm column at t = 2 hr. The influent pH of the forest run-off was 7.57 and 

increased to 8.81 at t = 12 hr in the 40 cm column.  According to the Drinking Water 

Directive (98/83/EC), the pH value should be in the range of ≥ 6.5 and ≤ 9.5.  The values 

recorded in this study show that the pH values in the effluent are within this range, 

highlighting no potential risk to the surrounding environment.     

 

5.3.4 Trace Metal and Elemental Analysis 

Due to the complex nature of bauxite residue and its composition, there is potential for 

trace metal leaching to the surrounding environment (Despland et al., 2011; Evans 2016).  

Pollution from metals can have an adverse and detrimental effect on the surrounding 

environment, affecting plant and animal life (Gomes et al., 2016; Olszewska et al., 2017). 

In addition, the majority of metals that are in a soil environment are non-degradable (Guo 

et al., 2006).    

 

The influent and effluent metal concentrations from the columns treating DSW and forest 

run-off, along with the parametric values, as mandated by the Irish EPA (2014), are 

displayed in Figures 5.7 and 5.8. In this study, the dominant species present in both 

effluents were Al and Fe, which were above the parametric values (0.2 mg L-1 for both Al 

and Fe). Copper was released in both effluents, but did decrease with loading time when 

treating the DSW and the level of Cu reduced to below the parametric value of 2 mg L-1.  

The level of Mn was lower in the effluent compared to the influent for all columns, 

showing a retention capacity within the column media, but it was higher than the 

parametric value of 0.05 mg L-1.  Magnesium, Ga, V and Zn were also present in increased 

amounts in the effluent, due to leaching from the bauxite residue media.  However, the 

Mg and Zn did decrease with increasing loading time.  There are currently no parametric 

values or EPA guideline values for drinking water parameters for Mg, Ga, V and Zn, 

although previous studies have highlighted that bauxite residue is inclusive of 

oxyanionic-forming elements, which are soluble at high pH range; these include Al, As, 

Cr, Mo and V (Mayes et al., 2016).  The main species of V present in bauxite residue is 

in the pentavalent form (Burke et al., 2012, 2013), which may be problematic due to its 

toxicity (Burke et al., 2012).  Whilst V may be a potential issue (depending on the source 

of bauxite ore), it is also the focus of critical raw material (CRM) recovery studies (Gomes 



138 
 

et al., 2016; Zhu et al., 2018), which suggests the potential and need for further studies 

investigating the adsorbent potential of bauxite residue following the removal and 

recovery of CRMs such as V. 

 

Previous work by Lopez et al. (1998) highlighted the ability of bauxite residue to retain 

Ni, Cu and Zn. Despland et al. (2014) showed that Bauxsol™ (neutralised bauxite residue 

produced using the Basecon™ procedure) had the ability to remove trace amounts of As, 

lead (Pb), Cd, Cr, Cu, Ni, Se, Zn, Mn and Al.  This highlights the potential of bauxite 

residue in the removal of both cations and anions from aqueous solution. However, the 

composition and concentration of elements in bauxite will vary depending on the type of 

ore (Mayes et al., 2011).       

 

Although there was overall evidence of mobilisation of some trace elements while 

treating the wastewater, one suggestion would be to include a rinse/wash period prior to 

packing the columns.  This would reduce and/or eliminate the potential leaching of metals 

at the initial loading period and avoid further release as the loading period increases.    

Another option would be to apply a seawater treatment to the bauxite residue, which has 

been proven to lower the pH and therefore reduce the leaching of metal(loid) species 

(Cusack et al., 2018; Johnston et al., 2010). 
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Figure 5.7 Comparison of the composition of (a) Al, (b) Fe, (c) Na (d) Cu (e) Mn (f) Mg (g) Ga (h) V and (i) Zn in both the influent and 

effluent in the columns treating DSW over the 24 -36 hr loading period.  EPA indicator parameter or EPA chemical parameter included for 

each element. 
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Figure 5.8 Comparison of the composition of (a) Al, (b) Fe, (c) Na (d) Cu (e) Mn (f) Mg (g) Ga (h) V and (i) Zn in both the influent and 

effluent in the columns treating forest run-off over the 24 -36 hr loading period.  EPA indicator parameter or EPA chemical parameter 

included for each element. 
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5.4 Conclusions 

 

Several studies have focussed on the use of low-cost adsorbents in the removal of 

contaminants such as P from contaminated waters due to possible cost savings and to 

reutilise by-products from various sectors.  This study demonstrated that bauxite residue 

has P (particularly dissolved reactive phosphorus) removal capabilities in both low (forest 

run-off) and high (dairy soiled water) range P-concentrated waters.  The estimated service 

time of the column media before initial breakthrough, based on the performance of the 

largest columns, was 1.08 min g-1 media for the forest run-off and 0.28 min g-1 media for 

the dairy soiled water.  Due to the composition of the bauxite residue, potential for 

metal(loid) leaching is a concern.  Aluminium and iron were the dominant metals released 

in the treated effluent, but this may be eliminated by a preventative step such as 

introducing a washing period or a seawater neutralisation step prior to packing the bauxite 

residue into the columns.   
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Chapter 6  

 

 

An Investigation into the Growth of Lolium perenne L. and Soil 

Properties such as Phosphorus Availability, pH and Electrical 

Conductivity following the use of Spent Bauxite Residue 

Column Media as a Nutrient Source. 

 

Overview 

The aim of this chapter was to compare the effects of using phosphorus (P) saturated 

bauxite residue media as opposed to a conventional P fertiliser on a P deficient soil by 

comparing soil quality properties and plant growth in perennial ryegrass (Lolium perenne 

L.).  The design of this study incorporated the use of spent P saturated bauxite residue 

media taken from the rapid small-scale column test study (Chapter 6) and the 

implementation of the RHIZOtest™ procedure (ISO 16198:2015) to carry out a short 

growth trial.  The overall aim was to include analysis on the P and trace metal uptake 

within the plant biomass following the plant growth trial, however issues arose with the 

limited biomass in terms of dilutions required for the ICP-OES analysis.  

 

6.1 Introduction  

Phosphorus (P) is essential in the successful production and maintenance of food supply 

(Elser et al., 2007; Wilfert et al., 2015) and is found in two main allotropes, white 

phosphorus and red phosphorus (Desmidt et al., 2015). The P required for the production 

of food is applied in the form of fertilisers developed from phosphoric acid produced from 

the digestion of phosphate rock/ore in sulphuric acid (H2SO4) (Cánovas et al., 2017).  

Phosphorus is rarely found in its elemental form, and is referred to as P pentoxide (which 

contains ~ 44% P) within the mining and fertiliser industries (Cordell et al., 2009).  With 

an increasing population, further demand is being placed on food supply and, 

consequently, phosphate rock, which is a non-renewable resource (Achat et al., 2014).  

Currently, 95% of the global P production is being utilised for the food production sector, 

with the remaining 5% being used in industrial applications such as in the production of 
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detergents (Desmidt et al., 2015).  Ironically, P is also one of the key nutrients resulting 

in the eutrophication of water bodies (Baker et al., 2015).  These two issues have been 

referred to as the P paradox (Baker et al., 2015; Sharpley 2015). 

 

Between 2010 to 2014, 88 % of phosphate rock and 100 % of P (in the form of white P) 

was imported into the European Union (EU), and mainly originated from China (EC, 

2017).  The dependence of the EU for materials such as phosphate rock from outside of 

Europe has highlighted its vulnerability.  As a result, in 2017 the European Commission 

(EC) included both phosphate rock and white P in a list of critical raw materials (CRMs) 

that have potential supply risk to the EU (EC 2017).  This highlights the need to establish 

a potential secondary source within Europe for these materials.  

 

Several approaches have been used to recover P from municipal and industrial wastewater 

(Desmidt et al., 2015) and include the recycling of P from effluents and sewage sludge at 

wastewater treatment plants using processes such as chemical crystallisation in which 

struvite (magnesium-ammonium-phosphate; NH4MgPO.6H2O) is the end product 

(Antonini et al., 2012; Moerman et al., 2009). As it is slightly soluble in aqueous and soil 

solutions, struvite is considered to be an effective source of P, nitrogen (N) and 

magnesium (Mg) for plants (Ryu et al., 2012).  Similarly, treated sludge produced 

following wastewater treatment, may be applied to agricultural land as a source of P 

(SEPA 2015), and in countries like the Republic of Ireland, up to 80% of treated 

municipal sludge is currently applied to land (Healy et al., 2017).  However, the recycling 

of P using biological or chemical methods, or combinations of both, is expensive and 

often requires the use of large amounts of chemicals (Zhou et al., 2016). Recently, the 

potential of industrial wastes as low-cost P adsorbents (De Gisi et al., 2016; De et al., 

2018; Grace et al., 2016) has been explored.  Also, there has been little focus on the 

recovery and recycling of P from an agricultural wastewater such as dairy soiled water 

(DSW) and also forest run-off, both key sources of P run-off leading to poor water quality 

within an Irish setting (EPA, 2017).   

 

Numerous studies have investigated the potential re-use of bauxite residue (Grace et al., 

2015; 2016; Ye et al., 2014), as well as other potential industrial by-products (Callery et 

al., 2017; Grace et al., 2015), as an adsorbent in wastewater treatment, in particular for P 

removal.  Bauxite residue (red mud), the by-product produced in the alumina industry, is 
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being produced at an annual global rate of 150 Mt (Evans, 2016).  The current re-use rate 

of bauxite residue is ~ 2 %, the remainder of which is being disposed of into bauxite 

residue disposal areas (BRDAs) (Evans, 2016; Ujaczki et al., 2018).  Bauxite residue in 

its unamended form, is highly alkaline, sodic, generally composed of trace metals and is 

typically nutrient deficient (Courtney and Harrington, 2010), and is therefore an 

unsuitable growth medium.  However, if treatments are applied such as gypsum (Lopez 

et al., 1998), acid (Huang et al., 2008), heat (Liu et al., 2007) and seawater (Hanahan et 

al., 2004), it has been shown to enhance its P retention capacity and potential as a P 

adsorbent. Once any medium reaches P saturation, the point at which it ceases to adsorb 

any further P, an obvious final pathway is to become a nutrient source (i.e. a fertiliser). 

To date, little to no work has investigated the re-use of P-saturated bauxite residue as a 

potential nutrient source. Additionally and due to the alkaline, sodic and saline nature of 

bauxite residue, further investigations to assess for potential phytotoxic effects to both 

plant and animal life are necessary when considering the application of the P-saturated 

bauxite residue to land as a nutrient source.     

 

Therefore, the aims of this laboratory study were to (1) compare the efficacy of P-

saturated bauxite residue, following use in the treatment of forest run-off and DSW, as a 

fertiliser with conventional superphosphate fertiliser in terms of biomass yield in the 

growth of perennial ryegrass (Lolium perenne L.) (2) investigate any changes in soil 

chemical properties following bauxite addition (3) identify any phytotoxic effects on the 

germination of seeds and root growth, and (4) assess land application impact on soil fauna 

using Eisenia fetida L. choice tests.      

 

6.2 Materials and Methods 

6.2.1 Nutrient Source and Soil Composition 

In a previous study, rapid small-scale column tests (RSSCTs) were used to predict the 

dissolved reactive phosphorus (DRP) removal capacity of bauxite residue when treating 

two waters of low (forest run-off) and high (dairy soiled water; DSW) P content (Chapter 

5).  The columns were considered to be P-saturated, and therefore of no further use in the 

removal of DRP, when the DRP concentration in the outlet water was equal to that of the 

inlet.  The bauxite residue was then removed from the columns and oven dried at 105˚C 

for 24 hr.  Once dry, the samples were pulverised using a mortar and pestle, and sieved 

to a particle size < 2 mm. The superphosphate fertiliser used in the study had a P content 
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of 16% and was applied to all containers (except the control) at a rate of 30 t P ha-1. The 

bauxite residue media was also applied at a rate of 30 t P ha-1, in order to compare its 

ability to perform as a nutrient source/fertiliser  The number of treatments investigated 

are detailed in Table 6.1.  

 

Table 6.1 Description of the treatments used for the plant growth trials. 

Treatment Description 

Control No P source applied (control treatment) 

Bauxite residue + gypsum Gypsum treated and P saturated bauxite residue media 

application 

Bauxite residue P saturated bauxite residue media application 

Superphosphate fertiliser Superphosphate fertiliser (16 % P) application 

  

The RHIZOtest™ procedure (ISO 16198:2015) was used for the plant growth trial. The 

RHIZOtest™ procedure is an innovative tool in the assessment of soils and 

phytoavailability for elements, and allows for the replication of larger scale experiments 

on a much smaller scale (Lemal et al., 2017).  Therefore, it was an obvious choice, 

considering the small volumes of spent bauxite residue media generated in the RSSCT 

(Chapter 5).  

 

In this procedure, seeds (L. perenne L.) were sterilised by immersing for 10 min in 6 % 

hydrogen peroxide (H2O2), before placing 40 seeds on the polyamide mesh in each of the 

plant pots (n = 5).  The soil used for the study was a P-deficient mineral soil, with a 

Morgan’s P index of 1, obtained from an ungrazed field which had received no fertiliser 

treatment in previous years, (supplied from Lufa-Speyer, Germany), and was packed to a 

density of 1.2 g cm-3 on each soil-receiving plate (after ISO 16198:2015).   

 

Soil pH and electrical conductivity (EC) were measured using a 5 g sample in an aqueous 

extract, using a 1:5 ratio (solid: liquid) (Courtney and Harrington, 2010). X-ray 

fluorescence (XRF) analysis of the bauxite residue was with a Panalytical Axios XRF.  

 

6.2.2 Plant Growth Trial 

Lolium perenne L. (perennial ryegrass) seeds which were chosen due to their prevalence 

in agricultural grassland, were germinated for 4 days in the dark at 20 ± 2°C in an aerated 
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solution (Figure 6.1 (a)) containing 600 µmol dm-3 CaCl2 and 2 µmol dm-3 H2BO3 

(following the RHIZOtest™ procedure, ISO 16198:2015), using a Betta AP – 4500 Air 

Pumps (U.K.).  Once germinated, the seedlings were placed in a glasshouse and exposed 

to a pre-culture period in a hydroponic solution (Figure 6.1 (b)), containing 500 µmol dm-

3 KH2PO4, 2000 µmol dm-3 KNO3, 2000 µmol dm-3 Ca(NO3)2, 1000 µmol dm-3 MgSO4, 

0.2 µmol dm-3 CuCl2, 10 µmol dm-3 H3BO2, 2 µmol dm-3 MnCl2, 1 µmol dm-3 ZnSO4, 

0.05 µmol dm-3 Na2MoO4 and 100 µmol dm-3 NaFe(III)EDTA (ISO 16198:2015), and the 

seedlings were allowed to develop a dense and planar mat of roots for 7 to 10 days.  The 

conditions for this preculture period required 16/8 hr light/dark, 25/20 ± 3°C, 65-70% 

relative humidity and a light intensity of 200-400 µmol m-2 s-1, and the solution was 

changed every three days.  

 

Once established, the seedlings were transferred to individual plant pots containing P-

deficient soil (Figure 6.1 (c) and Figure 6.2) and amended with one of the four treatments 

listed in Table 6.1 (n = 5 per treatment) for the growth trial.  

 

 

 

   

 

Figure 6.1 (a) Germination of seeds in the dark at 20 ± 2°C in an aerated solution  (b) 

Pre-culture period in a hydroponic solution and (c) Growth trial using individual plant 

pots containing P-deficient soil. 

 

 

(a) (b) (c) 
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Figure 6.2 RHIZOtest™ set-up for the plant growth trial as taken from ISO 

16198:2015. 

 

A filter paper wick at the base of the soil-receiving plate was immersed in a P-deficient 

solution (changed every two days) (Figure 6.2), containing 2000 µmol dm-3 KNO3, 2000 

µmol dm-3 Ca(NO3)2 and 1000 µmol dm-3 MgSO4.  The growth trial was carried out over 

14 days, under the same growing conditions as the preculture period.  After the growth 

trial period of 14 days, the plant biomass was harvested and the dry weight measurements 

of the total biomass was determined.  The plant material was then placed in an oven at 

60°C for 72 hr.   

 

6.2.3 Soil P Extracts  

Soil P extracts were performed on the dried and sieved (< 2 mm) soil samples. Water 

extractable P was detemined using 1 g of soil with 20 mL deionised water and shaking 

for 1 hr at 180 rpm on a reciprocal shaker (Tessier et al., 1979).  Morgan’s P analysis was 

carried out using 0.54 M CH3COOH and 0.7 M NaCH3COO at pH 4.8 in a ratio of 6 mL: 

30 mL.   This was then placed on a reciprocal shaker for 30 min at 180 rpm (Peech and 

English, 1944). 

 

Olsen P analysis was conducted using 0.5 M NaHCO3 at pH 8.5 in a ratio of 1g: 20 ml, 

followed by shaking on a reciprocating shaker for 30 min at 180 rpm (Olsen et al., 1954). 

The soil samples were also externally analysed by spectrophotometry following digestion 

for total P (TP) and total nitrogen (TN) content (HACH DR3900, APHA 4500-N and 

APHA 4500-P, Southern Scientific Services Ltd., Kerry, Ireland). 
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6.2.4 Phytotoxicity Tests  

6.2.4.1 Seed Germination and Root Elongation Tests 

Seed germination and root elongation tests were carried out after Courtney and Mullen 

(2009).  The tests (n = 3) were performed using water extracts prepared by shaking the 

soil and their corresponding treatment, i.e. control, bauxite residue + gypsum, bauxite 

residue and super phosphate fertiliser, with deionized water using a 1:2 (soil/residue: 

water) ratio on a reciprocal shaker for 1 hr at 180 rpm, followed by centrifugation at 3,000 

rpm, and then filtration through  0.45 µm syringe filters. Ten seeds (L. perenne L.) were 

placed in 100 × 15 mm plastic petri dish containing 6 mL of the prepared soil treatment 

extract.   Deionised water was the control treatment used and the petri dishes were 

germinated at 25 °C.   The number of seeds germinated were counted, and the length of 

the roots were measured at 2, 4 and 7 days.   Germination was defined as a primary root 

of ≥ 5 mm and the test was terminated when the control seed had developed roots of at 

least 20 mm long (USEPA 1992).    

 

Seedling performance was assessed using the relative seed germination (RSG) (Eqn. 1), 

which calculates the % of seeds germinated in the extracted water solution from the soil 

and individual treatment applied compared to the number of seeds germinated in the 

control soil water extract.   

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑒𝑒𝑑 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (𝑅𝑆𝐺)(%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

× 100 

                              Eqn. 1 

 

Relative root growth (RRG) (Eqn. 2) compares the % root growth of seeds exposed to the 

water extract of the various treatments applied to the soil to the % root growth of seeds 

present in the water extract of the control soil.   

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑜𝑜𝑡 𝑔𝑟𝑜𝑤𝑡ℎ (𝑅𝑅𝐺)(%) =  
𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 

𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 

                   Eqn. 2 

 

The germination index (GI) test (Eqn. 3) gives an overall percentage based on the RSG 

and RRG calculated (Tiquia et al., 1996).  
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𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 (𝐺𝐼)(%) =  
𝑅𝑆𝐺 𝑥 𝑅𝑅𝐺 

100
              Eqn. 3 

 

6.2.4.2 Choice Test  

Earthworms such as the species E. fetida L. are commonly used in soil ecotoxicological 

tests (Udovic and Lestan 2010) due to their increased sensitivity to their surrounding 

environment as a result of the many chemoreceptors found in their bodies (Curry and 

Schmidt 2007).  Choice (avoidance) tests allow for the easy identification of any 

avoidance behaviour as favoured by the E. fetida L. (Amorim et al., 2008).   

 

The preference behaviour of the earthworm Eisinea fetida L. (E. fetida L.) (locally 

sourced) was examined after Finnegan et al. (2018) using a six-sectioned preference 

chamber (n = 3) in accordance with ISO 17512-2 (2008), depicted in Figure 6.3, and as 

described by McShane et al. (2012).  Each of the six-interconnected chambered stainless 

steel avoidance ring segments were filled with approximately 700 cm-3 of soil and the 

corresponding treatment applied (control, bauxite residue + gypsum, bauxite residue, 

superphosphate fertiliser) as described in Table 6.1.  Twenty-five E. fetida L. individuals 

were gently rinsed using deionised water and patted dry with muslin cloth, and placed 

into the central cavity of each ring, which was then sealed for 72 hr.  After the 72 hr 

period, the seal was removed and each of the inter-chamber openings were temporarily 

sealed with cardboard.  The number of E. fetida L. in each chamber was then recorded, 

and the results were expressed as a percentage of the total population. 

 

 

 

Figure 6.3 Six sectioned preference chamber (ISO 17512-2) used in the Choice Test 

with E. fetida L. 
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6.2.5 Statistical Analysis 

Differences between soil properties and plant growth parameters in the different 

treatments was performed using Duncan's post hoc tests on one-way ANOVA using SPSS 

Version 21.   

 

6.3 Results and Discussion 

6.3.1 Nutrient Source and Soil Composition 

The mineralogical composition of the spent bauxite residue (Table 6.2) predominantly 

comprised of iron and aluminium oxides (Fe2O and Al2O3).  Titanium, silicon and calcium 

oxides (TiO2, SiO2 and CaO) were also detected (Table 6.2).  These were consistent with 

previous descriptions of the mineralogical composition of bauxite residue (Gräfe et al., 

2011).  

 

The mineral soil as provided by Lufa-Speyer (Germany) had a loamy sand texture and 

had a Morgan’s P value of 0.64 ± 0.08 mg L-1 (Table 6.3).  Soils with a Morgan’s P value 

ranging from 0 to 3 mg L-1 are referred to as having a P index of 1, which is the lowest 

value possible in the index table (Coulter et al., 2008), indicating that the soil is very 

deficient in P (Coulter et al, 2008) and will have a definite response to fertilisers applied 

(Lalor et al., 2013).   

 

 

   

Table 6.2 Main mineralogical composition (%) of the bauxite residue used, as 

determined from XRF analysis onsite at the alumina refinery. 

Mineral Oxide % 

Al2O3 14.8 ± 1.5 

Fe2O 47.5 ± 2.0 

SiO2 7.20 ± 1.0 

TiO2 10.3 ± 0.95 

CaO 6.1 ± 1.0 
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Table 6.3 The main composition of the P deficient (P1 index) mineral soil used in this 

study, as provided by Lufa-Speyer (Germany) who supplied the soil used in this study. 

Soil Parameter Value 

Organic carbon (% C) 1.73 ± 0.27 

Organic matter (% OM) 3.46 

Nitrogen (% N) 0.19 ± 0.03 

pH (0.01 M CaCl2) 5.6 ± 0.4 

Cation exchange capacity ( meq 100 g-1) 9.8 ± 0.5 

Particle Size (%) 

<0.002 mm 

0.002 – 0.05 mm 

0.05 – 2.0 mm 

 

8.3 ± 1.8 

14.9 ± 3.0 

76.8 ± 4.0 

Morgan’s P (mg L-1) 0.64 ± 0.08 (P index 1) 

 

 

6.3.2 Plant Growth Trial and Impact on Selected Soil Properties 

Following the RHIZOtest™ growth trial period of 14 days (Figure 6.4), growth was 

evident for all the treatments applied.  There was no significant difference (p>0.05) in 

total plant biomass yield between the treatments applied (Figure 6.5).  The lowest biomass 

content was measured in the control (1.25 ± 0.39 g DW), whereas the highest biomass 

harvested was observed for the plants grown on the soil receiving superphosphate 

fertiliser – 1.66 ± 0.33 g DW (Figure 6.5). 
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Figure 6.4 Time lapse of the plant growth trial using the RHIZOtest™. 

 

 

Day 0 

Day 8 

Day 14 
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Figure 6.5 Total plant biomass following harvest of L. perenne L. content following 

growth on each of the soil treatments. Means followed by the same letter are not 

significantly different at P ≤ 0.05. 

 

Bauxite residue is generally nutrient deficient, lacking in N, P and K (Xue et al., 2016).  

No significant difference (p>0.05) was detected between TP and treatments applied 

(Figure 6.6).  However, there was a significant difference (p<0.05) in the TN content and 

treatment applied between the study control and the treatments, with the bauxite residue 

performing best amongst treatments (Figure 6.7). 

 

Figure 6.6 The total P content measured in the soil for all treatments following the 

harvest of L. perenne L.  Means followed by the same letter are not significantly 

different at P ≤ 0.05. 
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Figure 6.7 The total N content measured in the soil for all treatments following the 

harvest of L. perenne L.  Means followed by the same letter are not significantly 

different at P ≤ 0.05. 

 

There was no significance (p>0.05) detected between soil pH values and treatments 

applied (Figure 6.8). This was unsurprising, given the short timeframe of the study. The 

pH ranged from 6.4 ± 0.1 to 6.62 ± 0.11 and fit in the desirable pH range for plant growth, 

which is between pH 5.5 and 9 (Mendez and Maier, 2007).  A previous 8-week pot trial 

study carried out by Summers et al. (2000), who applied bauxite residue coated 

superphosphate fertiliser at a rate of 20 t ha-1 found that there was an increase in pH from 

3.9 to 6.2.  Similarly, Ruyters et al. (2011) found that the pH of soil increased from 6.8 to 

8.3 after 3 weeks of plant growth following the addition of bauxite residue at a rate of 

16.5%. 
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Figure 6.8 Measurement of the soil pH. Means followed by the same letter are not 

significantly different at P ≤ 0.05. 

 

A significant difference was detected in the salinity, as measured by the EC between the 

control and the soil receiving the gypsum-treated bauxite residue (Figure 6.9).  Significant 

differences were also noted in the salinity between the gypsum-treated bauxite residue 

and the bauxite residue treatment.  There was an increase in the EC, which varied from 

147.06 ± 19.6 µS cm-1 in the bauxite residue to 235.2 ± 24.4 µS cm-1 in the gypsum-treated 

bauxite residue (Figure 6.9).  Plant growth is optimal at an EC of 4 mS cm-1 (Li et al., 

2006).  The EC measured for the soil following application of the treatment in this study 

were below this value (Figure 6.9). 
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Figure 6.9 Measurement of the soil EC.  Means followed by the same letter are not 

significantly different at P ≤ 0.05. 

 

Bauxite residue is often an undesirable growth media for plants due to its generally high 

alkalinity, sodicity and salinity (Jones and Haynes 2011).  Previous studies have 

highlighted the positive effects of treatments such as gypsum in the improvement of the 

physico-chemical properties of bauxite residue (Courtney et al., 2009). In addition to this, 

previous work has investigated the use of bauxite residue as a potential amendment to a 

coarse textured sandy soil prone to P loss/leaching based on its recognised P adsorption 

capabilities (Summers et al., 2000; 2001). Summers et al. (1993) found that bauxite 

residue (neutralised with phosphogypsum), used as a soil amendment to reduce P leaching 

from a  catchment area, resulted in a 70 % decrease in P loss – 13.8 kg ha-1 on the untreated 

catchment area to 4.2 kg ha-1 on the treated catchment area containing the bauxite residue.  

In a similar study by Summers et al. (1996), bauxite residue was added at a rate of 40 t 

ha-1 to a sandy soil prone to P loss and consequently, an increase in production of 24% 

was noted as a result of its P retention capacity.  However, Summers et al. (1996) found 

that as a result in the rise of pH following bauxite residue application, manganese became 

deficient in plants. This highlights the necessity to monitor other key nutrients such as 

copper, zine and molybdenum, which are sensitive to pH. Indeed, one area of concern in 

the application of bauxite residue is potential metal mobilisation. Ruyters et al. (2011) 

found that although the addition of the bauxite residue increased levels of Cu, Cr, Fe and 

Ni concentrations in shoot biomass, they did not exceed maximum allowable limits for 

these elements.  However, due to the insufficient amount of plant biomass obtained in 
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this short study for the dilutions required for the ICP-OES, metal analysis could not be 

carried out.  

 

6.3.3 Soil P Extracts  

Soil test phosphorus (STP) measurements such as Morgan’s and Olsen are used to give 

an estimated value for soil P available for vegetative growth (Neyroud and Lischer 2003).  

There were significant differences in  the Morgan’s P content between the study control 

and all three treatments (Figure 6.10). A significant difference (p<0.05) was also noted 

between the superphosphate fertiliser and both the gypsum-treated bauxite residue and 

the bauxite residue treatments.   

   

 

Figure 6.10 Morgan’s P content measured in each of the soil treatments. Means 

followed by the same letter are not significantly different at P ≤ 0.05. 

 

The Morgan’s extracted P varied from 0.13 ± 0.02 in the control to 0.43 ± 0.08 mg P L-1 

in the soil receiving the bauxite residue.  Overall, the soil was characterised as P deficient 

with a P1 index, as the original Morgan’s P value for the soil used in the study was 0.64 

± 0.08 mg P L-1 (Table 6.3), which indicates that there was P uptake from soil P pool even 

when treatments were applied.  This emphasises the importance of building up and 

managing soil P in very P-deficient soils such as those used in this study.   

 

There was a significant difference (p<0.05) between the water extractable P in the control 

compared to all three treatments.  Water extractable P varied from within the four 
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treatments, with the lowest amount observed for the control (0.04 ± 0.003 mg P L-1) and 

the highest observed for the soil treated with the superphosphate fertiliser (0.10 ± 0.02 

mg P L-1) (Figure 6.11). Olsen (CaCl2) extractable P was below detection limits (<0.02 

mg L-1) in all soils.     

 

 

Figure 6.11 Water-extractable P content measured in each of the soil treatments.  

Means followed by the same letter are not significantly different at P ≤ 0.05. 

 

6.3.4 Phytotoxicity Tests 

6.3.4.1 Seed Germination and Root Elongation Tests 

The L. perenne L. germinated in all treatments (Figure 6.12), with a RSG > 73.1 % 

observed in all four treatments.  The rate of germination is a factor in the establishment 

of vegetative growth (Harris 1996) and is reduced by environmental conditions such as a 

highly saline growth media (Rashid et al., 2006).  
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Figure 6.12 Relative seed germination (RSG) percentages of four bauxite residue 

extracts and one control using the species L. perenne L. 

 

No significant difference was detected between the EC and the final root length.  The 

RRG (Figure 6.13) was observed to decrease in all four treatments from day 4 to day 7.  

These values were observed for the gypsum-treated bauxite residue and bauxite residue 

treatments. Similar observations have been previously made when using bauxite residue, 

due to its high salinity and sodic nature (Jones and Haynes 2011).  The GI (Figure 6.14) 

percentages were higher than 80%, with the exception of the gypsum-treated bauxite 

residue which was 78.2 % on day 7.  Zucconi et al. (1982) state that no phytotoxic effects 

are present when the GI values are greater than 80 %.   
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Figure 6.13 Relative root growth (RRG) percentages of four bauxite residue extracts 

and one control using the species L. perenne L. 

 

 

Figure 6.14 Germination indices (GI) percentages of four bauxite residue extracts and 

one control using the species L. perenne L. 

 

6.3.4.2 Choice Test 

In this study, there was a significant difference detected between the E. fetida L.’s choice 

of soils and the treatment applied (Figure 6.15).  The largest percentage (57.7 ± 2.1 %) of 

E. fetida L. favoured the control soil (Figure 6.15).  E. fetida L. were distributed amongst 

the other treatments (Figure 6.15), with the lowest population of E. fetida L. (12.2 ± 2.7 
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%) found in the soil containing the superphosphate application, which may suggest a 

sensitivity to the chemical composition of the superphosphate fertiliser (Figure 6.15).    

 

 

 

Figure 6.15 Preference of E. fetida L. expressed as the percentage of the total 

population recovered from each treatment sample at the end of the test period.  Values 

are representative of the mean (n = 3) ± SD.  Means followed by the same letter are not 

significantly different at P ≤ 0.05. 

     

6.5 Conclusions 

This study investigated the efficacy of bauxite residue as a nutrient source on the growth 

of Lolium perenne L. and its impact on soil chemical properties, and compared its impact 

to a conventional superphosphate fertiliser. Although the results indicate a comparative 

biomass yield in the treatments using the application of the bauxite residue nutrient 

source, there was no significant difference detected between biomass yield and treatments 

detected.  There were significant differences in the Morgan’s P and the water extractable 

P between the control and the three treatments.  Choice tests indicated that E. fetida L. 

preferred the control soil over the soils receiving the bauxite residue and the 

superphosphate treatments.   
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Implications of using bauxite residue as a nutrient source include the potential for metal 

mobilisation and uptake within the plant vegetation, which was not addressed in this study 

(due to insufficient plant biomass) but which needs to be assessed prior to using bauxite 

residue as a nutrient source.   Phosphorus uptake and P supply within the plant vegetation 

may also be limited as bauxite residue - known for its high P adsorption rate - may hinder 

the potential mobilisation of P to plant. 
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Chapter 7 

 

 

Conclusions and Recommendations 

  

7.1 General Discussion 

As the European Commission (EC) advocates for the re-use of waste/by-products in the 

creation of a “circular economy” (EC 2015), several studies have investigated the use of 

such materials as potential low-cost adsorbents (Ahmed and Ahmaruzzaman 2016; Grace 

et al., 2016).  One by-product that has shown great potential for re-use as a low-cost 

adsorbent for P is bauxite residue, which is currently being produced at a rate of 150 Mt 

per annum (Evans 2016) and has a utilisation rate of ~ 2 % (Ujaczki et al., 2018), with 

the remaining amount being placed in carefully managed bauxite residue disposal areas 

(BRDAs) (Burke et al., 2013). The overall aim of this study was to focus on the P 

adsorption capacity of bauxite residue, in raw or treated form, and to assess its ability as 

a medium for the retention of P from water and wastewater, and its fertiliser replacement 

potential.     

 

Bauxite residue, which is generally characterised as being highly alkaline, saline, sodic 

and composed of very fine particles (Snars and Gilkes, 2009), has been previously 

investigated to determine potential avenues of re-use (Klauber et al., 2011). Such re-use 

possibilities have included applications in the construction industry (Pontikes and 

Angelopoulos 2013), the production of polymers (Hertel et al., 2016), and re-use as an 

adsorbent in wastewater treatment (Arco- Lázaro et al., 2018).  In recent years, several 

studies have been conducted to investigate its potential for re-use as a secondary source 

for critical raw materials (CRMs) (Borra et al., 2016; Ujaczki et al., 2018).  However, due 

to its general composition, there have been a number of barriers and limitations identified. 

These have included issues surrounding the transport of bauxite residue as a result of its 

high alkalinity and low solid percentage, and potential leaching of metal(loids) (Evans, 

2016).  Although the composition of bauxite residue can be generalised, there are 

variations in bauxite residue generated within different and sometimes the same 
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refineries, due to the differences in bauxite ore type and parameters used in the extraction 

of alumina (Gräfe et al., 2011).   

 

To date, no detailed study has investigated the potential variation in bauxite residue within 

a BRDA in terms of its general composition and CRM content.  Assessment of bauxite 

residue over a 12-year period (Objective 1) showed that there was little variation in its 

general composition.  However, pH and EC did show some variation, with pH ranging 

from 10 ± 0.1 to 12.0 ± 0.02 and EC ranging from 0.4 ± 0.01 to 3.3 ± 0.2 mS cm-1.  There 

was no significant variation in the concentration of CRMs over time in storage.  This 

highlights the potential of bauxite residue as a source of CRMs in one particular BRDA.  

However, it should be noted that variation may be present within other BRDAs.    

 

A lot of emphasis has been placed on the use of bauxite residue as a potential low-cost 

adsorbent, in particular for the removal of P, due to its high abundance of both Al and Fe 

oxides (Jacukowicz-Sobala et al., 2015) present within the bauxite residue.  Aluminium 

and Fe oxides can range from 10 to 22 % and 20 to 45 %, respectively (IAI, 2015), and 

are essential in the adsorption of P from aqueous solutions using the mechanism of ligand 

exchange (Jacukowicz-Sobala et al., 2015).  Several studies have reported P adsorption 

rates ranging from 0.2 mg P g-1 (Grace et al., 2015) to 202.9 mg P g-1 (Liu et al., 2007), 

with the higher adsorption rates reported for bauxite residue which has undergone 

treatment with acid (Huang et al., 2008), heat (Liu et al., 2007), seawater (Akhurst et al., 

2006), and gypsum (Lopez et al., 1998).  Whilst these treatments prove effective in the 

enhancement of bauxite residue’s adsorption capacity, they are often expensive in terms 

of the volumes of acid and energy required (Xue et al., 2016).  No study was found in the 

literature, which investigated the P adsorption capacities of both fractions of bauxite 

residue, nor the impact on P adsorption of less energy intensive enhancement treatments 

such as gypsum and seawater. 

 

To address this knowledge gap, this study investigated the P adsorption capacity (using 

batch studies and synthetic water) of bauxite residue produced in one alumina refinery, 

which did not operate a separation technique, and compared it to a fine and coarse fraction 

bauxite residue generated within an alumina refinery who did operate a separation 

technique.  Seawater and gypsum treatments were applied to the different bauxite residue 

samples, and the effects of both treatments on the mineralogical, elemental, physico-
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chemical and P adsorption capabilities (Objective 2) of the different bauxite residue 

samples were examined.  The main findings of this study showed that both the seawater 

and gypsum treatments reduced the pH and increased the P adsorption capacities of all 

the bauxite residue samples examined.  The P adsorption capacities of each of the bauxite 

residue samples examined were determined by fitting the data obtained from the batch 

studies to a Langmuir adsorption isotherm, giving an approximate P adsorption range of 

0.345 to 2.73 mg P per g of bauxite residue.  The gypsum treatment had the greatest effect 

on enhancing the P adsorption capacity.  The conclusion of this part of the study was that 

bauxite residue, once treated with seawater or gypsum, has potential in the removal of P 

from aqueous solutions.                    

 

Although the P adsorption capacity of bauxite residue has been investigated in several 

studies incorporating treatments such as acid (Huang et al., 2008) and seawater to enhance 

its P adsorption capability, the majority of these studies involved the use of P synthetic 

water and batch studies (Grace et al., 2015; Ye et al., 2014).  Batch studies do not predict 

true adsorption values for an adsorbent due to the incorporation of shaking of samples 

and unrealistic ratios of the adsorbent to the solution being treated (ÁdÁm et al., 2007).  

Pratt et al., (2012) identified the need of continuous flow/column studies to determine the 

true adsorption potential and longevity of an adsorbent material. In addition to 

investigating the potential of bauxite residue in the adsorption of P from synthetic water 

using batch studies, the current study also examined the P adsorption performance of the 

bauxite residue using small-scale laboratory filter columns, with two real wastewaters 

(Objective 3): forest run-off, which typically has a total phosphorus (TP) concentration 

in the range of 1 mg P L-1 (Finnegan et al., 2012), and dairy soiled water (DSW), which 

has a higher TP concentration ranging from 20 to 100 mg L-1 (Minogue et al., 2015). The 

bauxite residue performed best in the adsorption of P from the forest run-off. The 

approximate “service time” (time to operate effectively), determined from mathematical 

modelling of the performance of the filter columns, was 1.08 min g-1 media for the forest 

run-off and 0.28 min g-1 media for the DSW, before initial breakthrough time (which was 

taken as the time when the final effluent attained 5% of the influence concentration) 

occurred.  Due to the composition of the bauxite residue, the effluent from the columns 

was analysed for the presence of metals.  Analysis using ICP-OES identified that Al and 

Fe were the dominant metals present and were above the EPA parametric values –  0.2 
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mg L-1.  This would suggest the need to develop a rinse/wash cycle prior to operation of 

the columns. 

 

The final part of the study examined the potential recycling of the bauxite residue media 

taken from the filter columns, once fully P-saturated, and investigated its potential as a 

nutrient source of plant growth using the RHIZOtest™ procedure.  Due to the emergence 

of the CRMs list and the inclusion of both phosphate rock and phosphorus (EC 2017), 

there are several studies which have focussed on the potential of P to be recycled from 

wastewater sludge (Desmidt et al., 2015) such as the precipitation of struvite (Antonini et 

al., 2012).  Struvite has been of particular interest as a potential fertiliser replacement due 

to its water solubility and therefore availability of elements such as Mg, N and P, which 

are key in the successful growth and sustenance of plants (Ryu et al., 2012).   

 

Bauxite residue has previously been applied to soils, in particular sandy soils that are 

prone to leaching (Summers et al., 1993), to help prevent further P loss and leaching 

(Summers et al., 1996).  The results from these studies are promising, showing the 

capabilities of bauxite residue application in the prevention of P loss due to its high P 

retention capacity (Summers et al., 2001).  With this in mind, the final part of this study 

focussed on comparing the use of the P-saturated bauxite residue to a conventional 

superphosphate fertiliser in terms of impact on soil properties, plant growth, and P uptake 

in ryegrass (Lolium perenne L.) (Objective 4).   

 

The plant biomass of the L. perenne L. growing in pots amended with both bauxite residue 

treatments (1.49 ± 0.39 to 1.61 ± 0.24 g DW) was comparable to the biomass in the pots 

amended with superphosphate fertiliser (1.65 ± 0.33 g DW).  Regarding the potential 

ecotoxicological effects on fauna, “choice tests” indicated that Eisenia fetida L. preferred 

the control soil over the soils amended with either bauxite or superphosphate.     

 

7.2 Conclusions 

The main conclusions of this study are: 

 

1. Bauxite residue, ranging from one to twelve years in storage, had little variation 

in terms of the mineralogical, elemental and general composition, with the 

exception of the pH and EC. There were no significant differences detected in the 
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CRM content over time in storage.  This is a promising result for this particular 

BRDA in highlighting a potential untapped resource for CRMs if future supply 

risks increase within Europe, but the results obtained may not apply to other 

BRDAs.   

 

2. Both seawater and gypsum treatments applied to coarse and fine fractions of 

bauxite residue, and also applied to bauxite residue which had not undergone 

separation into its separate fractions, were successful in reducing the pH of all the 

bauxite residue samples examined. The P adsorption capacity of the bauxite 

residue samples ranged from 0.345 to 2.73 mg P g-1, with the highest P adsorption 

noted in the bauxite residue, which had not been separated into the different 

fractions, followed by the fine fraction bauxite residue.  This highlights potential 

re-use for bauxite residue as an adsorbent, particularly for the fine fraction, ~ 98 

% of which is currently placed in storage.  Gypsum was the most effective 

amendment and depending on the location of the alumina refinery, this suggests 

potential re-use of gypsum material recycled from the construction industry.  

However, depending on the location of the alumina refinery, it may not be feasible 

to incorporate the use of seawater treatments.   

 

3. The fine fraction bauxite residue media was effective in the removal of P from 

both a low P concentration wastewater (forest run-off) and a high P concentration 

wastewater (DSW), with the greatest performance observed when treating the 

forest run-off.  The longevity of the bauxite residue was estimated to be 1.08 min 

g-1 for the forest run-off and 0.28 min g-1 for DSW.  The difference in performance 

of the bauxite residue is a reflection on the type of wastewater and the greater 

number of contaminants present in the DSW (such as nitrates) which show 

competitive behaviour for the adsorption sites present on the surface of the bauxite 

residue. Aluminium and Fe were the dominant metals present in the effluent from 

the filters, which highlights the need to develop a wash/rinse cycle prior to the 

packing of columns with the bauxite residue.   

 

4. Phosphorus-saturated bauxite residue from a column was examined and compared 

as a nutrient source to a conventional superphosphate fertiliser in the growth of 

ryegrass.  The bauxite residue was comparable to the superphosphate fertiliser in 
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terms of the biomass yield obtained and changes to the soil P.  In addition, there 

was no evidence to suggest phtotoxic effects on the growth of ryegrass, nor any 

effects on the E. fetida L. present in the soil.   

 

7.3 Recommendations for Future Research 

Recommendations for future work following this research include: 

 

1. With emphasis being placed on the assurance of a CRM supply within Europe and 

the identification of vast CRM content present within by-products such as bauxite 

residue, which is underutilised and predominantly put in BRDA following 

generation, future studies should include the development of a new technology 

which would use reduced volumes of acid (which are currently used in leaching 

technologies) to recover CRMs from bauxite residue.  Currently, the technologies 

used to recover CRMs from bauxite residue are heavily reliant on large volumes 

of acids and energy inputs such as heat.  However, there are variations in CRM 

content of bauxite residue due to differences in bauxite ore used and differences 

in parameters used within alumina refineries. 

 

2. Utilising by-products such as bauxite residue as a potential low-cost adsorbent for 

P from aqueous solutions, further research should focus on the development of a 

bauxite residue product, which would incorporate the use of wash/rinse cycles, to 

help alleviate potential risks to water treatment such as the leaching of trace 

metals. 

 

3. Future studies should focus on the capability of bauxite residue as a potential 

reactive barrier in the active treatment and removal of other contaminants 

particularly from agricultural wastewaters.  A life cycle assessment is necessary 

to fully assess the potential of bauxite residue as an adsorbent and to identify any 

potential problems, which may arise in its use in different environmental 

conditions. 

 

4. Taking cognisance of the mineralogical and elemental composition of untreated 

bauxite residue, analysis on metal mobilisation/uptake in plant vegetation is also 
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necessary to determine any potential risks that may arise from using a treated 

bauxite residue as a fertiliser replacement. 
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Figure B1 SEM images for each bauxite residue samples in storage over the past twelve years.  Sample (a) corresponds to the year 2004 

(b) corresponds to the year 2005 (c) corresponds to the year 2006 and (d) corresponds to the year 2007. 
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Figure B2 SEM images for each bauxite residue samples in storage over the past twelve years.  Sample (e) corresponds to the year 2008 (f) 

corresponds to the year 2009 (g) corresponds to the year 2010 and (h) corresponds to the year 2011. 
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Figure B3 SEM images for each bauxite residue samples in storage over the past twelve years.  Sample (i) corresponds to the year 2012 (j) 

corresponds to the year 2013 (k) corresponds to the year 2014 and (k) corresponds to the year 2015. 
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Figure B4 EDS results (in weight %) for the bauxite residue. 

 

Na Al Si Ca Ti Fe

2004 11.9 14.0 10.4 8.9 9.2 45.6

2005 7.4 11.7 5.4 5.4 8.9 61.2

2006 11.6 16.0 9.3 9.2 8.7 45.2

2007 3.2 4.7 2.9 6.1 9.1 74.1

2008 13.9 12.9 8.6 7.8 9.6 47.2

2009 10.2 20.1 9.9 8.3 7.9 43.3

2010 11.2 17.8 10.7 7.1 8.3 44.9

2011 8.9 14.5 7.6 6.7 7.7 54.5

2012 9.7 13.4 8.9 7.7 8.4 52.0

2013 8.9 12.7 6.5 4.1 4.6 62.8

2014 9.4 17.3 8.6 8.1 8.8 47.8

2015 15.9 18.9 13.9 5.8 6.2 39.4
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Figure B5 TGA (descending) / DSC (ascending) curve for bauxite residue samples (a) BR10 (2006), (b) BR8 (2008), (c) BR6 (2010), (d) 

BR4 (2012).  The TGA curves showed weight loss between 300 and 975 °C for all the bauxite residues examined. 
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Figure B6 Mineralogical detection using XRD analysis for all 12 bauxite residue samples.  From top to bottom: BR12 (2004), BR11 

(2005), BR10 (2006), BR9 (2007), BR8 (2008), BR7 (2009), BR6 (2010), BR5 (2011), BR4 (2012), BR3 (2013), BR2 (2014) and BR1 

(2015). 
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Figure B7 Mineralogical detection of sample BR4 (2012) using XRD analysis, showing the dominant peaks, haematite (H), goethite (GO), 

perovskite (P), rutile (R), gibbsite (GI), sodalite (S) and cancrinite (C). 
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Figure C1 XRD pattern for sample UF. 

 

 

 

Figure C2 XRD pattern for sample UFR. 
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Figure C3 XRD pattern for sample UC. 

 

 

 

Figure C4 XRD pattern for sample UFG. 
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Figure C5 XRD pattern for sample UFS. 

 

 

 

Figure C6 XRD pattern for sample UFRS. 
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Figure C7 XRD pattern for sample UFRG. 

 

 

 

Figure C8 XRD pattern for sample UCG. 
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Figure C9 XRD pattern for sample UCS. 
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Table C1 Results from the metal release analysis carried out on each sample. 

Parameter Untreated 

Fine (UF) 

Fine 

+gypsum 

(UFG) 

Fine+ 

seawater 

(UFS) 

Untreated  

French 

(UFR) 

French+ 

gypsum 

(UFRG) 

French 

+seawater 

(UFRS) 

Untreated 

Coarse (UC) 

        

Al (mg L-1) 6.26±0.57   0.065±0.0

5 

 0.44±0.4 66.1±6.1 3.2±0.71 9.71±2.7  2.08±0.202 

As (mg L-1) 

 

 

0.02±0.00

07 

  

 

0.0003±0.0

001 

 

 

0.001±0.00

02 

 

 

0.045±0.01

1 

 

 

0.002±0.001

7 

 

 

0.003±0.00

2 

 

 

0.006±0.000

56 

Cd (mg L-1)  <LODj   0.0006±0.

00001 

0.000017±

0.0005 

0.00003±0 0.00001±0 0.00001±0  <LODj 

Ca (mg L-1)  0.25±0.2 496.0±49.0 404±6.0 715±3 420.0±60.0 

 

39.0±0.3 

 

0.5±4.0 

 

Cr (mg L-1)  0.072±0.

004 

0.0268±0.0

01 

0.00158±0.

0001 

0.65±0.02 0.38±0.05 0.14±0.01  0.0094±2.9 

Cu (mg L-1) 

  

0.005±0.0

3 

  

0.008± 

0.0057 

 

0.011±0.00

02 

 

0.003±0.00

02 

 

0.0008±0.00

0.5 

 

0.0007±0.0

003 

  

0.0105±0.01

2 

Ga (mg L-1) 0.026±0.0

07 

0.0045±0.0

008 

0.0062±0.0

01 

0.11±0.004

8 

0.012±0.007 0.016±0.00

3 

0.013±0.001 

Fe (mg L-1) 

0.31±0.13 0.0042±0.0

001 

 

0.001±0.00

06 

0.0016±0.0

04 

 

0.0023±0.00

4 

 

0.0014±0.0

05 

 

0.32±0.422 

 

Mg (mg L-

1) 
<LODj <LODj 1.77±0.2 <LODj  <LODj  0.31±0 <LODj  

Mo (mg L-

1) 
0.0005±0.

0005 

0.0008±0.0

2 

0.00095±0.

05 

0.042±0.00

3 

0.013±0.001 0.009±0.00

1 

0.0067±0.00

2 

Hg (mg L-

1) 
<LODj <LODj <LODj 0.64±0.02 <LODj 0.08±0.01 <LODj 

Na (mg L-1) 84.2±2 139.3±3.2 241.3±26 191.3±1 153±24.8 388.7±18.6 83.4±2 

V (mg L-1) 0.65±0.00

40 

0.018±0.00

14 

0.0979±0.0

016 

2.2±0.001 0.058±0.002

3 

0.16±0.006

5 

0.32±0.006 

j<LOD = below the limits of detection. 
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Figure D1 Main mineralogical composition of the bauxite residue mixture before placing in the rapid small-scale column tests, as detected 

by EDS in conjunction with SEM.
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